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Newly constructed riveted plate girder bridge over the Willamette River, 3 miles 
south of Newberg, Oreg., on State Route 219. This structure, measuring 1,090 
feet and costing $1,085,000, is located on the Federal-aid secondary system. 
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Certain siliceous constituents of aggregates can react with cement alkalies to 
cause abnormal expansion and cracking in concrete. The American Society for 
Testing Materials (ASTM) mortar bar expansion test is generally considered to 
be the most reliable method available for determining the potential alkali reactivity 
of such aggregates. Since this test requires considerable time, a quick chemical 
test was also adopted by the ASTM in order to obtain a rapid evaluation of con- 
crete aggregates. This investigation was made to determine the degree of correla- 
tion between the two test methods. 

Fifty-two concrete aggregates were evaluated by means of the rapid chemical 
test, and the results generally showed good correlation with the data obtained in 


the mortar bar tests. 


the need for further tests. 


aggregates into two groups. 


sarily expansion-producing aggregates. 
for such materials. 


determination of alkalinity reduction. 
aggregates. 


HFORE 1940, most aggregates were usu- 
ally considered to be chemically inert 
when used in concrete. However, since that 
time, it has been clearly demonstrated that 
certain siliceous constituents, present in some 
aggregates, can react with the alkalies in 
cements to cause abnormal expansion and 
cracking in concrete. 
The most reliable laboratory test now avail- 
able for determining the potential alkali re- 





1The authors wish to acknowledge the helpful 
assistance of Messrs. Donald O. Woolf, Russel H. 
Brink, and George Markmann. Messrs. Woolf and 
Brink gave technical advice and supplied physical 
test data ; Mr. Markmann assisted in the prepara- 
tion of test samples and in the assembling of the 
mortar bar test°data. This article was presented 
at the 88th Annual Meeting of the Highway Re- 
Search Board, Washington, D.C., January 1959. 
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However, the chemical test does not always give reliable 
results for some aggregates because of the interference of certain minerals. An 
empirical division of the chemical test results is proposed which would serve to 
isolate those aggregates which may contain such interferences, and thereby indicate 


Some aggregates showed a high degree of reactivity in the chemical test but 
did not produce excessive mortar bar expansion. 
of the chemical test results is suggested which would separate chemically reactive 
Such a separation would eliminate the need of supple- 
mentary mortar bar tests on many reactive aggregates. 
which fail into one such group are indicative of very highly reactive but not neces- 
Special mortar bar tests are necessary 


An additional empirical division 


Chemical test results 


The general chemical test criteria established by this study for separating 
reactive from nonreactive aggregates agree fairly well with those proposed by the 
American Society for Testing Materials and the U.S. Corps of Engineers. 
present ASTM chemical test method permits two titration procedures for the 
Neither procedure showed any distinct 
advantage over the other as a means for evaluating the potential reactivity of 


The 


activity of concrete aggregates is considered 
to be the mortar bar expansion test (1).* This 
test has been adopted as tentative standard 
method C227 by the American Society for 
Testing Materials (2). Because of the time 
required to obtain reliable information by this 
test method, extensive investigations have 
been made to develop a more rapid test. A 
rapid chemical test was developed by Mielenz 
and colleagues (3) and was later adopted by 
the ASTM as tentative standard method 
C289 (2). Briefly, the chemical test measures 
the amount of reaction during 24 hours at 
80° C. between a 1-normal sodium hydroxide 
solution and aggregate that has been crushed 


2Ttalic numbers in parentheses refer to the list 
of references on page 184. 


Correlation Between Chemical and 
Mortar Bar Tests for Potential Alkali 
Reactivity of Concrete Aggregates 


BY THE DIVISION OF PHYSICAL RESEARCH 


Reported! by BERNARD CHAIKEN and 
WOODROW J. HALSTEAD, Chemists 


and sieved to definite size. At the end of the 
reaction period, the mixture is filtered and 
the solution is analyzed to determine its final 
alkalinity and silica content, the latter arising 
as a result of the partial dissolution of the 
aggregate. These values are then used to 
determine the potential reactivity of the ag- 
gregate with alkalies in portland cement 
concrete. 

The reliability of the chemical test was 
established by the original authors of the 
method, mainly on the basis of an empirical 
correlation with mortar bar expansion test 
results. Unfortunately, many investigators 
have subsequently reported discrepancies in 
evaluating concrete aggregates by both test 
methods. 

A search of the literature failed to reveal 
any additional published work in which a 
large number of aggregates were evaluated 
by both test methods. Comparisons of a few 
aggregates have been reported by several in- 
vestigators (4, 5, 6). Two other reports (7, 
9) showed considerable comparative data, but 
most of the results were either reported 
earlier by Mielenz and colleagues (3), or 
were based upon modifications of the presently 
used chemical test. 

Consequently, the Bureau of Public Roads 
initiated a study of a large number of aggre- 
gates in order to compare the results of both 
test methods. <A _ specific objective of the 
study was to determine the degree of correla- 
tion between the results of the quick chemical 
test and the mortar bar test. It was antici- 
pated that the present criteria of the chemical 
test could be suitably altered or extended in 
order to make better use of the test results, 
thereby eliminating the need for further ex- 
tensive testing of many aggregates. 


Conclusions 


1. The chemical test for the potential re- 
activity of aggregates, ASTM C289-57T, 
generally shows good correlation with the 
results obtained by mortar bar tests. 

2. The dividing line, established by this 
study for separating reactive from nonreac- 
tive aggregates by means of the chemical test, 


177 





*poUlU10JOp SBA ONTRA STY} 1eqe oyorq suomoedg 


T 0 Jqnop UI s}[nsei sjueseider (e[qvUoTsenb) ..o,, 


*(00T-08) Pues BAILIIO JO sIB 
‘od 
*93B104S “TOOT 
“od 
og 
*a8RI0IS “7 oO0T 
*93B1041S “J oOOT 
‘od 


‘sieq 9J010U0D 


‘aqyuI0TOT 


Ba 

foc 
"a3vI08 “FOOT 
"a3v10}S “A oOOT 
‘aBV1098 “TOOT 


‘sieq 9joIDU0D 


od 
‘oINIXTUIPe HON %T UIA Jo 
O3V104S "TJ .0L 18 OATIOVOIUOU SIvg 


‘od 


“quaseid 9u0jsouryT 
“‘quesge o}ISoUseUL 
puv o}TMIOTOp “yuaseid 9u0ysouIT'T 


“quosoid 9u0jsom’T 
“sIBod Z UT AJIATIOVEI BTGRUOTISANey 


‘od 
“quoseid 9uoysomry 


"HORN %I UII oAOVoI sieg 


“queseid 9uojsemyy 
‘sivod % Ul AATATJOROI OTGR 
-uoTjsonb paMoys WoTORIy pues 


“sired Z UT OATIOVOL SIV 
‘quoted T[ByTe WMTpeur YIM 
sATJOBAI SIV “quoseid 94TMIOOG 


‘od 
“HO®N %I UYIM OATIOROI sIVg 


“HOBN JNOYITM sIv9A Z 4B PUB 
‘HORN %I WIM 9aT{Ovel siveg 
“od 
“HOB®N %I UIIM oATZORVOI SIVg 
“qUOTID OUIeS 
YUM OATIOVII SVM TOTJOVIJ PuLs 


‘sivq Ul UOMO TTeyTe WINIpsyy 
“98B104S “FT OL 





SyIVUIIY 











*SS9] 10 yusoI0d 10°0 JO suoTsuedxe SsyUaseIdel (9ATIOBOI 
-W0U) ,,UN,, PUs ‘e10MT Io JUedIEd OTA JO SUOTSUBAdXO SJUASAIdOI (OATIOVOI) ,,Y,, $390.10 G0'D 02 8N'0 Jo SUOTSUBdxO IROL 
“Ie9A T JV VIVP TOTSUBAXO IV IBJIOUL WO POSVd IIIA VIIOILIO ¢ 











“srv0A Z 48 SIC 9 


“SUJUOUL 9 48 BIVp TOISUBAX | ¢ 


“\DLS-686 O POUT WLS + 











. *01Q24 O44 JO MUINIOd 4sBl OY UT 
p9j0U 91 SUOTIIPUOD 9sdY} 0} SMOTIdIOXY “AW OZI 4B VV JSTOU UI Po10js OIOM ‘XTUI Z OF T B JIM poredoid pue soyouUr TT 
Aq [ Aq T SUANsvoeUT ‘sIVq Iv{IOP, + “OAIS F ‘ON ssed 09 ‘AjoaTJOodsal ‘poysnsd PUB POADIS 0}RF9ISSV OSIBOD PUB PUBS z 

‘eqyiueds ‘AQ pu {dIqTOTIOS 
‘19g ‘4STyOS ‘og ‘euoyspues ‘g ‘eqToAYA “Y feqizqrenb ‘z% ‘zqrenb ‘% fsorumnd ‘ung ‘fuerpisqo ‘oO ‘ewjousem ‘ep {eorur 
‘TA ‘oWOysoUNT] “J ‘eWOJsMOIIH ‘IH ‘ssTouUy ‘UH ‘eyes “DH ‘oryyedspyey ‘splog ‘oqtsyoy ‘oy Swedspyey ‘wy foyrurojop ‘To, 


‘OJLOIp ‘Iq ‘eseqeip ‘q ‘snooreoyeo “oped ‘qzeyo ‘CO ‘4Teseq ‘gq ‘seyrueyde ‘ydy ‘eqsopue ‘Uy :pesn suOTyRIAeIqqyY 1 




































































6 ‘FT 1 2 Yi Set 215 ees UN | 40° GL" 13° Slee sl gage CaO)>|k at ae aie ee ee Ge ee ©) | ee PUuCs |S" Se ee eee TH “ehe930 eo 
ele 91 SOL= |egwee le UN | 20's She 08° 0Ge a waa €-@ |7" a pue ‘g ‘p ‘soymeooa-Jog ‘2G |--- ~~~ OD aaa ‘qUOW “ouns e[TAloyoVIO ““soig AOUIOL I, Tg 
922 OFT TOL) |) a UN | 20's Sle 08° Oe” Binaeres. £-@in |e ) ‘sopuvojoa poureis-oug ‘720 |~-~---~— Pavey |-"qUOW “ouns oTAIoyoVIO ‘Wq Joouorg | 0g 
OFE IST LES Sa aan, © | 60° 06° 98° CO ae aaa CCS at ee ee te ae ee OM ot eo |e ee Qo i Jopealeg “(@pls I4SI1) osplig soo ueg | 6h 
IZ 6FT OSES er Wem et Tae 06° 98° ces Bl ee 674i Sb * ae SE ot a Oe "7 00 | ~~ Jopeayes “(opis 4Jo]) esplig soolwpy ues | BF 
T&T 99T OF 7) sen ae UN | £07 06" 98° SO ae mae C=C. |i Roe ae ee ee ee pues | “Jopeayes “(epls 14311) esplig soorepyUes | LP 

9°0L SLT OS86i Sas ses ae UN | 90° 06° 98° Soi | aan CiGL S|" stage ae a ee ee ae 10. Gi | Sai aanse Qe P= A'N ‘Ajunoy ssoyoyng “julod woUTO | YF 
7a! 901 Ti Vie Rigs sae WU | 2: 76" o6° Co al ae at Te ee ee ge i el ee oe 100 U0 lee annie enseieolN ‘Alien® uourey ueg | oF 
691 g "og ego | oe MI NPE: zB" to |Sr im a. S Gen Sie A © pue g oulos ‘zH-spleg “ZO [7-7-7777 TOAUIE) li ar a ou eee ae ODF es vP 

iS =, ae RE Ib kale 28 ¥0'T FL |7-7-7S-W [777777777708 pues g sum0s (2H *O |--------~-pueg |---ogepy ‘Aquno0p Jomo ‘opjeze00g IeaN +P 

o°LT 9°81 i ol g Ses UN | 80° 06° 98° CER ome ae CCl s a ee Pa ee es ee siploge | ep ‘AjuNOD Uediem ‘yeueg | ep 
z9 19S ClOSk ae oe sere: ‘Onees0 06° 98° Sia |e CLC Na aa iE ska i eee a aa | AR OD mean |i uuay ‘AyunoH uoyruey ‘esoourzyeyO | ZF 
6° ¥Z CL | eee UN | 90° 06° 98° CES ied aaa Sxl icra OME cas gh ber OE PRR nal ge Oh ae OD aaa “eLV ‘Ayunoy Adour} WOW ‘AJou103} 00 1p 

102 FZ USC] eae | ee cate UN | 70° 06° 98 ° Searle pas C5. ee a Ga ee ee oho ee | poo DUGG S| ieommene BSLV ‘AjuNoO Tpessny “puvprxiq | oF 
ooF SLT ile a tag TINGE 20; 06° 98° SoA eel CoC Dok She as See ae (Ol ipome gee ToaviQ) |--7 7 SSI ‘AJUNOD SepuMoT ‘snquinfoD | 6& 

161 19% TOT gen |e anaes UN | 70° 6° 96° Colon teen THC ge ay eS oe ee ae |e pues |7" "eld ‘AyuN0H Uepspey “oryoooyeieyO | ge 

resi 9 °AT Greens eae UN | 90° GL" 18° STA aise ae 6-0, |e ae aes ee oe 1) |e aaa OD 5a | tart eae O'S ‘Ajuno0O prepled ‘suretg | 1e 

8 FI g 8% Coes pees UN | 90° cL° 18° SI ste aeee ee CEO Ege cagic ms sae Mb aes (Oo) SHaOMEG [OS OD es ae eae eg 0's ‘Ajuno0D suoxoTg ‘AlIoAog 9 

9ST 0 FT ieee || Wome ears © | 80° cL: 18° Shy Bl ee Ope meee ane eaten a ae 7) laeeainti te ara NBWREL [Pa 0's ‘AjunoH puvlyory “erquinjop, cg 

i 4 ¢ IL ¢:Siaw "|| Seraaeee aE |) OES GL* AS Shige onl caet es CaO! poe ee cae” Ee Se a ToaARIp 777777 O'S ‘Ayano ppPeysieysoyO ‘mvroyoO | $8 

¥ OL SLT jkge |e UN | 20° cL" 18° ST art Coe ZzO)| eateries | TC eulos *T ‘pH ‘ydy Hed |---- DOCS See ae a penis i alee 2 a0 == We $8 

“XOTAL “Ny “AQUNOD 
9°81 6LT SO ie sere me UN] 20° ¢L° 18° Sia Bl sca Sz): ae ce canes Sega CE AG AS) 4, |i rs JaAvIpH | Upooury ‘opuoH vou ‘JoaTy evsopiny | Ze 
*XOT (N ‘49un09 

o IT 89 ONO p ae gee © | 80° cL: 18° Slee se CA) He a eee ee 2 ed Se See YOON | 01030 “znqTeyT Jeon “uodAuvBH AIG | I€ 
P&Z 16 S62 Sasa Wi 29° GL" 18° San ae C20) ee ae ae Sane a ae WOul0s <Q Gd |iiprnns RUCST eae xo, ‘AJUNOD osed [yf ‘Osed 1H 0g 
98% 661 OL an |e Sa Seietl| Tye op: 18° Sie | ae (ees nos ee ak Fe aes F)POUlOS!Eay SG aa issn teams JPABID) |--XOTAL "N ‘AQuUNOD U0IYeH ‘aAtosaYy IvIN 62 
821 OIL C68 | a ee UN | 20° GL” 18° lige Aer s ev@ elo ee Sees ees ete COUN Op a aoe OEE TOD ‘AVUNOH esoT “Bsa ION | 8% 

9°88 GSI OC Tamm | Dee aes IN | 70° gL" IS Clie eee Oye ee J owmos ‘ydy yep ‘og *O |---77 7 DOCS. |eeaemeaaenas 10g ‘AjuN0D eyeC “oour~d | 1% 
46 618 wie |e UN | 40° GL" 18° Se Gl ates (en Rl Mee ie a ae ae y wis oy (Ee [Rea |e ojo ‘AJUNOD PIPAA ‘SUTBIA “YS | 9Z 

FZ 6°09 a oe Ae UN} 90° cL" I Sieg ees Cast ee me ome Tp) pue © oulos ‘4 | -- DOCG. |i" a aac nen Oe eee ae Opa &% 

$68 6 GF JCC ee | tei UN | £0° cL" 18° Sly ae a oe CSOT Eee ae = Ee HD. Ds Wee 6 PARI) [7-77 ojoD ‘AyuUNOD Joplnog ‘puvplepoN | $Z 

8°81 IIT Toe | ae UN | 70° GL* Use Sl we a CEO A eee ae an Le oe FO le eee DURE. |e 2 eho se: Ses eee ee eee er as OD am & 
$8 60% CO Tas | ipaaeeger UN | £0" GL. 18° 1 ac meg CaO S ee fe ae ee 1) AL PRG) |e TASID) || pga SS" aay ee. eee a ae Op a6 
8°91 b HF ice eee UN | 80° cL" 18° Sie Mae ge: C50 (|e) se eas as peng OUP OTOL LV + Been paste SOS | o£ M “AjUNOD UepHoys ‘uosEeq IZ 
Leg 661 ci ers UN} 20° cL" figs he eee CO nliiage oe (Si ota WEL ASEaROy Ha) || JOARIp) |e oAM ‘AJQUNOD UOJAL “OATY oYVUS | 0% 

8°62 Z 99 0°00 hae UN | 40° GL. 18° Sie eee CO tae ae ie 2© snosovory, |7~ == YOON | -AVC_'S “AjuNoD uoysuruued ‘AUO TH | 61 

yl €&Z tee Wee UN | £0" GL" 18° Sie eg Se CeO A eae ae KASSON) SCI la ODE" | se wane yed “s ‘AqunoH JoaTY Tea ‘TRIO | 8. 
“OAM ‘AQUNOD 

99 Z 19 Gp Ps UN | 90° GoL° 18° Sig aan ee ee CaO qin ae ae Wi ce BOs ee ARID | uoJaT ‘YouqoH Ivo ‘JoaTyY oyvUg LT 

1 6 LL 00 ae |S paecaiae: UN | §0° GL* 18° Sie ee ae (G10)-| Pare ee Serene a TRE ON Op as |Grer oJOD ‘AquNoD Uosyoer ‘puey IweN | OT 

L°02 6 FS ee ae ee UN 40° GL” 18° Slow |e G7 0y| penne eee LVaeteD DUCS D.C ei pemanuenne pues | “o[OD ‘ssed JUOTUOIY PUBTOAOT ‘TZ9 “BIS GST 

CLh 98% CUC an saecnae oe est I fags GL° 18° Sit ae 2-0 | “Udy Hep ‘H YIM soruvoqos “Y “el |----- PeavIp) |-ojoD ‘AyunoH uostuun4) ‘oloujdeg IeN | FT 
“O'S 
1°06 9°AT eq we ie eae UN | 90° 28" Osta | ey Ls aan hana Cav Gian eee eee 8 ae 0) Sema 5 pues | ‘Ajun0D preyiejseyO ‘SUIPIS S,JoA00H | kT 
F ue 

L'9% at 8°99) > | aioe 5 Coe AR Gs GL 18° SU Poe Z-O | 10d [UH "O ouios tT “S-o7eQ “2B [7-7 ow = “gern ‘AzuNoH eR’ Wes ‘AUO oMVT HES | ZT 

olF IST Pe | aces UN | 20° 28° POsiaen| = Vga hala ae Ca Vi | Rear © ‘S-SPIed °O “a eulos tH fy j-7-7 QAR ID) NES Goh omen oe pe inie oa 7, a0 DS tee LE 
Piro oa © | 60° 28° #0 T PEO [TTT TeV 2 outos ‘ad £0 “6 |----7- 7 pueg |-------ogepl ‘Ayun0p uosipey ‘1nqxey II 
zoe 9cT Grr noe = 2uL ||. 2a? 8" Oae y SARS Pes CAV 5 ete ake © pue ‘2® “g euros “yy “yj [SA B24) «| Mi See tee gee ae = BS a ees OD Or 
eae 6 | 80° zB" POT | FL°  |777 777 78-W | “BIW “wand ‘O euos *O ‘ag ‘g “ZO |-------- pues |7----~-oyepy ‘Ayun0p eyoprury “wedny | Or 

ata 8°78 TG ee ne eat |) TAS 8" 7-051 | eer eee |e e-V | “41D ‘b “© euos ‘aq ‘9 ‘2O-splod 77777777 TEAR LE) 1 peagetineea hr Rede ied a an ae aa Oy 6 

pple | ess Z8" PO'T | PL? jo 7 777&-V |" BI pure g outos ‘ow ‘O “O |-""--"" pues |-7-""-"-oyepy ‘AyuN0D wosieyer ‘uvueW | 6 

708 91 ie | (i ae SCs z8° cane Ail Ga ene CoV |e ae ae ee eae ie S “O-SPIed 20 [7-7-7777 (OAVLE) Ole oan meee ee a a ae ; ODS es 8 

rt MH) Se" z8° OT | PE’ [7-7 -S-V | 8A. pur g outos +26 “O ‘O |-------—"-pueg |--~--oyepy ‘Ajyun0p weysurg ‘Joo;yoRT_ | 8 

“Ah 

99F 6zI ot lee UN | 90° zB" POD (PTs en ae Z-V | pue “y “© omlos ‘zO-splad “ZO ‘pH [77777 TORUIE) |B" ee ee Opi ee, L 

Seed UN | 20° ZB" $0 'T FI" | -S-W | squeurseyy oTBO ‘O ‘20 ‘ag “pH ‘O |7--------- op" ~-]-------- -ogepyl ‘Ayun0g9 JuomeIy ‘1049,T, L 

£22 ZeT 6 as Wie etd UN | 70° zB" YO AG Aer le oe | es eee COV ie ee ee BIN PUB S OOS *T 26 “O | i sa oyepy ‘Ajun0D Yoouueg “uouMBOoW | 9 

98T age C09. | tar aan = © | 90% 78° Aaa ager ees -V |S pus © oulos *] “2O-spied 20 |------ PCCSnl eames oyepl ‘AyunoH yoouurg ‘ojfeyeood | ¢ 

SOI 802 age ee UN | 70° 09° 09° TG) Mahim 75 ro | saa. D *T (S180 ‘20-spled ‘8 *2 [777-77 OD Se a Inne aie EE Cs, Se ee OD Re if 

[Say Mg| ack (63 POT | PET TeV PT 8-018 “20-spiod “S (26 |7--"7---op"----|“-oyepy ‘Ayano eytaouuog ‘sted oyepl | + 

90T 1°89 Sh a Wy a ee i i zB" Val ad 2 ae a GV | 2 a Se OMS 2Ospied 20) ae TeAvIpH | ~oyepl ‘AqUNO JoMod ‘opjaqwoog IoN |  ¢ 

09T 6ST AS Ee wie ae ee) Ge 1g° Ly OCG ae ame sake 9px ar ees Seat Saba © ieee eS OU |7-Se1O ‘AqunoH yWeurepy ‘syed qeuMepy |S 

Prat IST Pell eee UN | 70° oh OL" LC Sam | Pies sae (Ee ZO YI wey} sso ‘ag ‘AS “eg PY [oT TOACLY) || eee oe ee ee i I 

ae a CHE SONON | FeSO ne | eG sO eal a0 | memmanees | Vir | naam ceneaia meetin OUT 2) eNOS a lhe oceans LUC alae OG) OSL TRU Cl i 

TINwu TN Uw TU WUaIlad | WUaIlag | WUadlag | U3 Laq 
O%8N 
qarod yujod ques | OFF | OWN | “ON 40F 
pud-e[qnoq} Ppue-a[suTg |, AITATJOVEI| IvOA T | -AIND| pue puvlg 
(9g) vorTIs [e17u940d Jo} 48 UOIS 
PoATOSStCy HOTPeNyBA | | -UBdxy 94eVs0183e ‘ON 
(OY) 1 oJeso1sse JO 9INjeN Jo sodA, 9yes0193e JO v0INOG e[dures 
HOTyONpel AYUTeAT VY pesn JUsTIID 
: 18VeP 4894 [BoTUIEYO z BVP S04 Iveq IeWOPL 











$0] BS91838 9]919U09 UO $}S9] [BOTUIBYD pue UOIsULdxXO Ieq Iv110W JO s][NSay—*T 9Iqey, 








June 1959 © PUBLIC ROAD 


178 


agrees fairly well with those proposed by the 
ASTM in Specification C 83 and the U.S. Corps 
of Engineers. 

3. Neither the single- nor double-end point 
titration, permitted by the ASTM chemical test 
method, offers any distinct advantage in 
evaluating the potential reactivity of aggre- 
gates. 

4, Reliable results are not always obtained 
in the chemical test when certain carbonates 
or serpentine minerals are present. An em- 
pirical division of the chemical test results is 
proposed which would serve to isolate such 
interferences, and thereby indicate which ag- 
gregates require further study. This proce- 
dure would eliminate the need for additional 
time-consuming tests on many Satisfactory 
aggregates. 

5. Highly reactive aggregates may be classi- 
fied as reactive in the chemical test and yet 
fail to produce mortar expansion. An addi- 
tional empirical division of the chemical test 
results is suggested which would serve to 
identify such aggregates. It is believed that 
many such aggregates may actually become 
dangerous in concrete if diluted with inert 
aggregates. The proposed division would 
focus attention upon those aggregates re- 
quiring special investigation. 

6. A modification of the ASTM main bound- 
ary line is proposed as part of the general 
criteria for chemical tests. The adjusted line 
conforms more realistically to available data. 


Procedure 
Chemical tests 


Fifty-two concrete aggregate samples were 
prepared and tested in accordance with ASTM 
method ©289(2), except that the sodium hy- 
droxide solution was prepared by standardiz- 
ing with standard hydrochloric acid. The 
acid was standardized against reagent grade 
sodium carbonate using methyl purple indi- 
cator. 

The reaction containers used were fabri- 
cated from 18-8 stainless steel and fitted with 
unvuleanized neoprene gaskets. Hthylene 
glycol was used for the constant temperature 
liquid bath. Filtration vacuum was main- 
tained at 15 inches of mercury by means of a 
Cartesian Manostat. Immediately following 
filtration, the diluted solutions were stored in 

polyethylene containers and sealed until 
h 





analyzed. 

The reduction in alkalinity was determined 
by means of both the single- and double-end 
points given in the ASTM method. The single- 
end point titration involves a neutralization 
with standard acid, using phenolphthalein as 
the indicator, and measures the alkalinity pro- 

duced by all the hydroxide ions as well as 
part of the carbonate ions present. In the 
double-end point procedure, the titration of 
the same sample is continued to the methyl 

- orange-end point which on calculation gives 
a measure of the hydroxide ions only. 

Dissolved silica was determined colori- 
metrically with a Beckman DU spectropho- 
tometer using 1 cm. cells. The readings were 
made at exactly 5 minutes after adding the 

_ oxalic acid reagent. 
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Mortar bar tests 


Mortar bar test data had been obtained for 
these same aggregates over a considerable 
number of years and, in a large number of 
cases, well before the development of the 
ASTM standard method. Consequently, the 
procedures used in the preparation and stor- 
age of the test bars varied somewhat. The 
details and conditions of test are shown in 
table 1. 


Results 


The results of the mortar bar and chemical 
tests on representative samples of aggregate 
are tabulated in table 1. Included in the 
table are the sources and petrographic analy- 
sis for most of the aggregates. Table 1 also 
shows an evaluation of the potential reac- 
tivity of the aggregates, based upon the 
amount of expansion exhibited by mortar 
bars at an age of 1 year. Expansions of 
0.10 percent or more were considered to be 
indicative of reactive aggregates as sug- 
gested by ASTM Specification C33-57T, sec- 
tion 4c(2). Expansions of less than 0.08 per- 
cent were considered to be indicative of 
nonreactive materials, while aggregates hay- 
ing expansions of 0.08 or 0.09 percent were 
classified as questionable. The latter criteria 
conform to the established practice of the 
Bureau of Public Roads. 

Some of the aggregates studied consisted 
of sand and gravel fractions which were 
evaluated separately in the mortar bar test. 
However, because of limited amounts of ma- 
terial available after the mortar bar tests, 
several such companion fractions were com- 
bined and prepared as a single sample for 
the chemical test. In such cases, no special 
problem arose where the mortar bar data 
for companion fractions indicated the same 
degree of reactivity or nonreactivity. In a 
few cases, however, companion fractions 
were classified into different categories of 
mortar bar reactivity. In these few cases, 
sample Nos. 1, 4, 10, and 11, the result rep- 
resenting the greatest degree of mortar bar 
reactivity was arbitrarily selected for com- 
parison with the chemical test result. 

Table 2 shows only the chemical test results 
on several additional materials. These were 
special materials which included carbonate 
minerals and well-known reactive materials. 

The results of the chemical test for each 


material, shown in tables 1 and 2, are pre- 
sented graphically in figures 1 and 2. The 
units used in both graphs and the method 
of presentation are in accordance with ASTM 
method C289(2), and as suggested by the 
original authors of the chemical test (3). 
Figure 1 represents the results obtained by 
using the single-end point in the alkalinity 
reduction titration, while figure 2 shows the 
results obtained by means of the double-end 
point titration. 

In figures 1 and 2, each chemical test re- 
sult is represented by a symbol to denote 
both the cement used and the degree of re- 
activity found by the mortar bar test. 


Discussion of Test Results 


In figures 1 and 2, a solid line was drawn 
to separate the bulk of the reactive from 
the nonreactive aggregates. The classifica- 
tion for degree of reactivity was based upon 
the mortar bar test results as previously de- 
scribed. This manner of separation was pro- 
posed by Mielenz and colleagues (3) and is 
included in a recent revision of ASTM method 
C-289. Once a line of demarcation is estab- 
lished, it serves as a criterion for future 
chemical tests in evaluating additional ag- 
gregates. Chemical test results to the right 
of the solid line should be indicative of po- 
tentially reactive aggregates, while results 
to the left of the solid line should represent 
nonreactive aggregates. 


Line of separation 


Figures 1 and 2 show two lines of separa- 
tion. The solid line in each case applies to 
the data obtained in this study, whereas the 
dashed line represents other published 
criteria. 

In figure 1, the dashed line is based upon 
the calculations suggested in ASTM Specifica- 
tion C33-57T (2). Both the dashed and solid 
lines shown in this graph coincide fairly well ; 
thus the criteria established by this study 
are in substantial agreement with those sug- 
gested by the ASTM specification. A slight 
spread exists between the two lines in the 
lower part of the graph. The position of the 
solid line in this area was dictated by the 
plotted results of sample Nos. 17, 42, and 34. 
Sample No. 34 showed a mortar bar expansion 
of 0.10 percent in 1 year, the minimum value 
necessary for classifying an aggregate as re- 


Table 2.—Results of chemical reactivity test on special materials 


Sample 
identifi- 
cation 


Nature of aggregate 


Chemical test data ! 





Alkalinity reduction 
(Re) Dissolved 
silica (Se) 





Double- 
end point 


Single- 
end point 





Limestone (97.2% CaC0Os3) 


Magnesite (Wards) 
Magnesite (Pennsylvania) 


Hose San 





Pyrex glass cullet 


1 ASTM Method C 289-577. 


Dolomite (55.1% CaCO3 and 44.8% MgC0Os) -- 689 


Opal (Virgin Valley, Nev.).-..------ 
_.do.? 


"Siliceous magnesium limestone (Calif.) - 





mM/L mM/L mM/L 
14,2 26. 5 5.3 

792 e 

855 


369 
296 
278 
175 














‘Mix of 50 percent opal and 50 percent Ottawa sand, 
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active. In addition, mortar bars of this ma- 
terial were stored at 70° I’. and failed to show 
significant expansion at 1 year (11). Since 
sample No. 34 is a borderline aggregate, the 
location of the solid line in the extreme lower 
portion of figure 1 may not be precise, as it is 
based the results of this aggregate 
alone. 

The dashed line in figure 2 represents the 
criteria used by the U.S. Corps of Engineers 
(10), and here again there is good agreement 
between the position of both lines, except for 
the same type of spread in the lower part of 
the graph as noted in figure 1. 


upon 


Single- versus double-end point titrations 


An inspection was made of both graphs in 
order to determine whether the single- or 
double-end point titration procedures offered 
any distinct advantage. The U.S. Corps of 
Engineers apparently prefers the double-end 
point titration (10), while the Bureau of 
Reclamation and many other laboratories rely 
mainly on the single-end point titration. 
Table 3 lists the aggregates that failed to 
show good correlation between the chemical 
and mortar bar tests. This table shows that 
there is no difference between figures 1 and 2 
in either the identification or number of such 
discrepancies. Therefore, no substantial ad- 
vantage is evident for either type of titration 
procedure. 


Comparison of Chemical and Mortar 
Bar Test Results 


In some instances, the empirical classifica- 
tion of the aggregates into reactive and non- 
reactive materials, based upon the chemical 
test results, differs from the classification ob- 
tained by means of the mortar bar test. 
Specific consideration of samples showing 
such differences is of interest. 

In figure 1, a total of 29 symbols appear to 
the left of the solid line. Of these, 24 are 
clear symbols denoting nonreactive aggregates 
and consequently are properly located in the 
graph. Three other aggregates in this area 
(Nos. 1, 35, and 42) were found to be of ques- 
tionable reactivity, with mortar expansions 
of 0.08 percent at 1 year. However, the chemi- 
cal test results of all three samples are located 
close to the dividing line where questionable 
aggregates might be expected. 

Only two aggregates (Nos. 12 and 81), 
classified as either reactive or questionable, 
are located well to the left of the dividing line. 
There is no question as to the potential re- 
activity of sample No. 12, since this aggregate 
was found to cause significant mortar expan- 
sion even when combined with a medium 
alkali cement (17). However, both of these 
aggregates contain limestone or dolomitic con- 
stituents which, as discussed later, may in- 
validate the chemical test results. 

A total of 23 symbols appear to the right 
of the solid line in figure 1. It would be 
expected that all aggregates located in this 
area should be reactive. However, seven 
samples were shown to be nonreactive by the 
mortar bar test. The identification of these 
aggregates is given in table 3. Sample Nos. 
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Figure 1.—Results of chemical test for reactivity of aggregate obtained by means of single- 
end point titration. 


39, 50, and 51, included for information pur- 
poses only, may be eliminated from this dis- 
cussion since they were not tested in mortar 
bars, but rather as concrete specimens pre- 
pared from gravel size aggregate. 

Therefore, only 4 samples (Nos. 6, 7, 20, and 
28) are considered as limiting the degree of 
correlation between the chemical and mortar 
tests in this area. However, it was noted that 
all four samples exhibited some degree of 
mortar bar reactivity in supplementary tests. 
Sample Nos. 6, 7, and 20 caused considerable 
mortar expansion when the mortar contained 
an admixture of sodium hydroxide, while 
sample No. 28 began to show a questionable 
degree of reactivity in the mortar bar test 
at an age of 2 years (11). These latter find- 
ings lend support to the chemical test data 


obtained for these aggregates. It serves to 
emphasize that while some aggregates may be 
potentially reactive and are so characterized 
by the chemical test, these same aggregates 
may not be capable of producing dangerous 


expansion in the standard mortar bar test. | 


Discrepancies of this sort are discussed more 
extensively in the following section. 


Factors Affecting Correlation of 
Test Methods 


Carbonate interference 


The two aggregates (Nos. 12 and 31), which 
appeared as distinct discrepancies in the area 
to the left of the solid line in figure 1, were 
classified petrographically as containing cer- 
tain carbonate constituents. Differential 
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Figure 2.—Results of chemical test for reactivity of aggregate obtained by means of double- 
end point titration. 


Table 3.—Identification of aggregates which showed poor correlation between chemical 
and mortar bar tests (selected by inspection of figures 1 and 2) 


From figures 1 and 2 


Aggregate identification 





1Based on mortar bar test results and criteria shown in text and in table 1. 
2 Sample contains 16 percent dolomite as determined by DTA methods. : 
3 Three samples (in italics) were not tested in mortar bars, but as concrete specimens prepared 


f om gravel size aggregate. 
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thermal analysis showed that sample No. 12 
contained both calcite and dolomite, while 
sample No. 31 contained essentially calcite 
without dolomite and magnesite. Mielenz and 
Benton (9), as well as Swenson (6), have 
indicated that dolomites and perhaps even 
limestones may at times cause significant in- 
terference in the chemical test. It was 
demonstrated that although certain opal-dolo- 
mite mixtures were found to be deleterious by 
mortar bar tests, the chemical test results 
gave false information concerning the re- 
activity of the mixture (9). Such misleading 
information was attributed to the interfer- 
ence of dolomite and other minerals such as 
magnesite, siderite, and serpentine. When 
present along with reactive constituents, these 
minerals produce greater reductions in alka- 
linity (Re) and lower dissolved silica values 
(Sec) in the chemical test than would other- 
wise be obtained. The net effect of such in- 
terference is to shift the chemical test data 
both to the left and upward in figure 1, and 
thereby, at times, yield misleading informa- 
tion concerning a truly reactive aggregate. 

A separate study of several carbonate ma- 
terials was made in order to understand more 
fully their possible effects on the chemical 
test. Table 2 shows the chemical test results 
obtained on four carbonate minerals. Rela- 
tively pure limestone, dolomite, and two mag- 
nesites were tested, and the tabulated results 
were plotted in figures 1 and 2 as points A, 
Bye wand i 


As seen in table 2 and figure 1, the lime- 
stone (A) did not cause any significant alka- 
linity reduction, while the dolomite (B) and 
both magnesites (C and D) produced unusu- 
ally large alkalinity reduction values CRE) 
It would appear from these results, that pure 
limestone (calcium carbonate) does not react 
significantly with the sodium hydroxide solu- 
tion used in the test, while dolomite and 
magnesite do. Furthermore, the ratio of the 
double- and single-end point values of Re for 
both dolomite and magnesite, and the absolute 
difference between the values, suggest the 
formation of considerable quantities of weakly 
basic material in solution during the test. 


The sodium hydroxide solution was ana- 
lyzed in each case after the test was completed. 
No significant amounts of calcium or mag- 
nesium were detected nor was there any ap- 
parent decrease in the concentration of 
sodium below the level of the initial test 
solution. In the case of dolomite and mag- 
nesite, it was concluded that the test solu- 
tion had lost some hydroxide ions in exchange 
for an equivalent amount of carbonate ions. 
The latter material accounts for the presence 
of a weak base after test. From these con- 
siderations, two possible equations can be 
written for the reaction between magnesite 
and the sodium hydroxide solution. Such a 
reaction may be represented by either of the 
following equations: 


MygCO;+2Na0H = Mg(OH),+Na,CO; 


5MgCO;+2Na0H 
=4MgC0;-Mg(OH),+ Na,CO; 
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Such reactions appear reasonable from a 
consideration of the solubility products of 
magnesium carbonate (2.6X10° at 12° C.) 
and magnesium hydroxide (1.2X10™ at 
18° GC.) (12). The latter material, a possible 
end product in the reaction, is much more in- 
soluble in water than is magnesium carbonate, 
the reactant. The reaction between dolomite 
and the test solution undoubtedly is similar 
to that involving magnesite. 

No special study was made to explain the 
depressed values of dissolved silica (Sc) 
caused by the presence of dolomite or similar 
materials (9). The following thoughts are 
offered as possible explanations of this effect : 
(a) The large reduction in alkalinity caused 
by such minerals may so reduce the alkalinity 
of the solution as to minimize its attack upon 
reactive forms of silica; (b) the formation 
of insoluble magnesium hydroxide or the basic 
earbonate may act as a protective film in 
limiting the attack of the solution upon re- 
active forms of silica; or (ec) dolomite or its 
decomposition products may react with dis- 
solved silica to form insoluble silicates and 
thereby remove silica from solution. 


Elimination of carbonate interference 


Efforts by Mielenz and Benton to eliminate 
carbonate interference in the chemical test by 
prior treatment of the aggregate with hydro- 
chlorie acid have not given satisfactory re- 
sults (9). These authors have suggested that 
an analysis of the change in concentration of 
sodium and potassium rather than the reduc- 
tion in alkalinity (Re) would probably re- 
move a large part of the spurious effects in- 
duced by such carbonates. While such a 
procedure would eliminate the falsely high 
Re values, it would not eliminate the low Se 
values produced by this interference. 

Continued study of the “carbonate effect” 
on the chemical test is necessary in order to 
eliminate its interference. Because of such 
interference, a recent revision of the present 
ASTM chemical test recommends petrographic 
examination as a supplement to the chemical 
test data. This recommendation would in- 
volve a time-consuming petrographic examina- 
tion of many aggregates, which on the basis 
of chemical tests would fall to the left of the 
dividing line in figure 1. 

However, a more expedient alternative is 
suggested here. It has been shown that the 
“dolomite interference” is characterized by 
rather high Re values in the chemical test. 
A level of Re might be established so that 
all results below this level and to the left of 
the main dividing line may safely be con- 
sidered nonreactive aggregates and, conse- 
quently, no further testing would be neces- 
sary. Results above this Re level would 
require additional study by chemical, petro- 
graphic, X-ray, or differential thermal 
analysis (DTA) methods in order to detect 
the presence of either interfering or reactive 
minerals. The presence of small amounts 
of dolomite, magnesite, or calcite may be de- 
tected by spot tests or differential thermal 
analysis, while serpentine is conveniently 
identified by X-ray analysis. If the presence 
of such interfering minerals should be so de- 
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Figure 3.—Location of chemical test results that failed to correlate with mortar bar tests 
or other criteria. 


tected, mortar bar tests would then be neces- 
sary in order to evaluate more fully the po- 
tential reactivity of the aggregate. The 
proper location of a dividing line is discussed 
later. 


Highly reactive materials 


In addition to the results of this study, 
other investigators have found that many 
chemical test results falling to the right of 
the main dividing line fail to correlate with 
mortar bar test results (4, 7, 8). Both 
Sprague (8) and others (7) have attributed 
such discrepancies to the fact that certain ag- 
gregates contain such a large proportion of 
reactive constituents in relation to available 
cement alkalies that they fail to produce 
mortar bar expansion. This is a consequence 


of the “pessimum proportion” ® of the aggre- 
gate being materially exceeded. 

It is well known that certain opals and 
Siliceous magnesium limestones are highly re- 
active and are so characterized by the chem- 
ical test. Yet when these materials are 
present in large proportions, they actually 
cause little or no expansion in the mortar bar 
test (11, 13, 14). It was shown by Woolf 
that 1 or 2 percent of opal combined with an 
inert material will produce dangerous mortar : 
bar expansion, whereas much larger amounts 
of opal will cause insignificant expansion for 
a given cement alkali content (16). 

Table 2 shows the chemical test results on 


®’ Defined by T. BE. Stanton (13) as that propor- 


tion of reactive constituent in an aggregate at 
which maximum mortar bar expansion occurs. 
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several well-known reactive materials ; namely 
opal, siliceous magnesium limestone, and 
pyrex glass. These results are plotted in 
figures 1 and 2 as points H, F, G, and H. 
In figure 1, points F and Gare particularly 
interesting since they approach the area where 
discrepancies (clear symbols) are shown. 
Point F represents a blend containing 50 per- 
eent opal and 50 percent Ottawa sand. Mc- 
Connell and others have shown that a similar 
mixture failed to produce mortar bar expan- 
sion (15). Point G represents 100-percent sili- 
ceous magnesium limestone which Stanton has 
shown to cause negligible mortar bar expan- 


| sion when tested in its entirety (13). 


Division of reactive area 


As a partial solution to the problem of such 

recurring discrepancies, Mielenz and Witte 
haye suggested an arbitrary division of the 
area containing the aggregates classified as 
reactive by the chemical test (7). They sug- 
gested that such a division would be useful 
in interpreting the chemical test results. 
Their proposed division would separate the re- 
active area into an upper and lower portion. 
Chemically reactive aggregates which always 
caused mortar expansion were found to give 
chemical test results lying in the lower area, 
while chemically reactive aggregates which 
did not cause mortar expansion, when tested 
in their entirety, gave chemical test results 
in the upper area. 
On the basis of the results obtained in this 
study, the proposed dividing line appears to 
have considerable merit. However, in order 
to separate the apparent discrepancies found 
in this study, such a dividing line should be 
located at a lower Re level than that proposed 
by Mielenz and Witte. This study showed that 
all four of the aggregates having major dis- 
crepancies and located in the reactive area 
of figure 1 had Re values of 90 or more. The 
data points for these aggregates should be 
located in the upper area of any arbitrary 
division. 

Proposed Main Boundary Line and 

New Areas for Chemical Test 

In order to establish acceptable area bound- 

aries mentioned earlier, all discrepancies be- 


tween chemical test and mortar test data were 
evaluated. Figure 38. shows the location of all 


. Such data points both from this study and the 


available literature. In addition, data related 
to the proper location of a main boundary line 
Were Similarly plotted. Results taken from 


| the literature are partly identified in figure 
3 by a letter symbol to denote the source. 





Location of main boundary line 


The data chosen for presentation with re- 
spect to the main boundary line are shown 
in the lower third of figure 3, and generally 
fall within the area between the two dividing 
lines. 

The different positions of the two lines may 
be partially explained on the basis of the 
cements used in the mortar bar tests. The 
high-alkali cements in this study had an equiv- 
alent alkali content of less than 1.0 percent. 
The data given by Mielenz and colleagues 
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(8, 7), which provided the major basis for the 
ASTM line, were obtained with a cement of 
1.38 percent equivalent alkali. Such differ- 
ences in cement alkalies could cause a border- 
line aggregate to produce expansions less than 
0.1 percent in one case and greater than 0.1 
percent in the other. This, of course, would 
affect the position of any boundary line which 
is empirically drawn to separate reactive 
from nonreactive aggregates. 

In order to establish a suitable boundary 
line for general use, the following considera- 
tions were taken into account: (1) The pres- 
ent ASTM line occupies a more conservative 
position with respect to the Bureau of Public 
Roads line in that there would be less danger 
of the nonreactive area containing chemical 
results of unsafe aggregates. (2) Samples 
MW-1, 8, 9, 18, 63, and MGB-—14 were reported 





ae 


as causing deterioration in field concrete (3). 
Consequently, such aggregates should prop- 
erly appear to the right of any dividing line. 
(3) Sample 42, in this study, showed 0.08 
percent expansion at 1 year and could con- 
ceivably have given 0.1 percent expansion 
with a higher alkali cement. 

In view of these considerations, the present 
ASTM line is preferable, except the lower 
portion should be adjusted to indicate clearly 
the deleterious nature of aggregates 34 and 
MGB-65. This can be accomplished by 
changing the slope of the lower portion of 
the ASTM line. For Re values from 10 to 
40, the formula for the adjusted line is as 
follows: 


log Sce=1.2553-+0.01213 Re 


Figure 4 shows the proposed change in the 
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ASTM line between Re=40 and Rc=10. All 
available published data were reviewed with 
respect to this change, and only one conflict 
was observed (aggregate MB-3). This ag- 
gregate, shown in figure 3, was a synthetic 
opal-quartz mixture with 0.1 percent opal 
which failed to show excessive mortar ex- 
pansion (9). Its position is anomalous, even 
with respect to the original unchanged ASTM 
line, and no explanation of its position is 
attempted here. 


Areas A and B 


The left portion of figure 3 was evaluated, 
disregarding the aggregates just mentioned 
which had to do with the location of the 
main boundary line. It can be seen that 
all discrepancies (aggregates which produced 
mortar expansion) are in the upper portion 
of this area. No discrepancies appear below 
an Re level of 60; therefore this value can 
be used to divide the left portion of figure 3 
into two areas, A and B. In each case, the 
anomalous result shown in area A represents 
an aggregate which contains constituents 
which are known to interfere in the chemical 
test. Sample 12 contained dolomite; MB-1 
contained various dilutions of opal in dolo- 
mite; and MB-2, various dilutions of opal 
in serpentine. 

On the basis of the available data, area 
B should be clearly indicative of safe ag- 
gregates. Chemical results appearing in this 
area should be reliable and no further tests 
are required. In general, aggregates that 
appear in area A will also be safe; however, 
the presence of interfering minerals such as 
dolomite and serpentine may at times result 
in an unsafe aggregate appearing in area A. 
Consequently, all aggregates which fall into 
area A should be further evaluated for the 
presence of either reactive constituents or 
interfering minerals. In doubtful cases, 
mortar bar tests should be made. 


Areas C and D 


The right portion of figure 3 was similarly 
evaluated, again disregarding the results 
which had to do with the main boundary line 
location. All discrepancies appear in the 
upper portion of this area. Consequently, the 
right portion of the graph may be divided 
into two areas, C and D. No discrepancies 
appear in area D; therefore, chemical re- 
sults which would appear in this area should 
be indicative of unsafe aggregates which are 
capable of producing excessive mortar ex- 
pansion. No further tests on such agegre- 
gates would be necessary. 

Area C contains numerous aggregates 
which did not produce mortar expansion 
(clear symbols). This area also contains 
unsafe aggregates as is evident in figure 1. 
Consequently, the purpose of area C is to 
focus attention upon aggregates requiring 
special investigation as a result of the chemi- 
cal test data. 

It is interesting to note that all aggregates 
in the upper portion of area C, figure 3, pro- 
duce excessive mortar expansion when diluted 
to very small concentrations with inert ma- 
terial. Sample F is a 50-50 opal-Ottawa sand 
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mixture; G and MW-59 are undiluted silice- 
ous magnesium limestones from California ; 
and MW-31 is an undiluted rhyolite tuff from 
Colorado. 

On the other hand, several of the aggre- 
gates in the lower portion of area C, namely 
MW-51, 53, and 54, will cause excessive and 
maximum mortar bar expansion when pres- 
ent in about 20-percent concentrations with 
inert material (7). It may be that aggre- 
gates 6, 7, and 20 of the present study are 
similar and might have shown unsafe ex- 
pansion upon dilution. 

Consequently, chemical results which ap- 
pear in area C suggest a highly reactive ma- 
terial, but do not necessarily preclude that 
all such materials will produce excessive 
mortar expansion. The ability to produce 
unsafe expansion will depend largely on the 
proportion of reactive constituent present. 
Therefore, all aggregates which yield chemical 
data in area C should be carefully examined 
by mortar bar tests. They should be tested in 
dilutions of 5, 10, 20, and greater percentages 
with inert materials, as well as in their en- 
tirety. This procedure is especially impor- 
tant where local shortages or special condi- 
tions require that aggregates from different 
sources be blended to make concrete. 


Summary of New Areasand Boundary 


Line 


Figure 4 indicates the significance of each 
of the proposed areas in evaluating chemical 
test results. It also shows the main ASTM 
boundary line, which has been modified at 
the lower end as discussed earlier. 

The location of all boundary lines is, of 
course, empirical in nature and dependent 
exclusively upon available mortar bar and 
chemical test data. The location of such 
boundary lines may require minor adjust- 
ments as new data become available in the 
future. In addition, the limited reproduci- 
bility of the mortar bar and chemical tests, 
as reported by the U.S. Corps of Engineers 
(10, 17), always raises some doubt as to the 
precise location of any dividing line. Con- 
sequently, marginal chemical test results, 
especially near the main boundary line, 
should be interpreted with some reservation. 

Nevertheless, the present criteria shown 
in figure 4 should broaden the usefulness of 
the quick chemical test and, in many cases, 
eliminate the need for supplementing the 
chemical test with a long-term mortar bar test 
program or tedious petrographic analysis. 

In one respect, the chemical test offers a 
unique advantage over the exclusive use of 
the mortar bar test. This applies to aggre- 
gates which appear in area C of figure 4. 
The engineer may obtain a false sense of 
security from a satisfactory (safe) mortar 
bar test result on such aggregates. However, 
it is possible that some of these materials 
will cause deterioration in concrete if blended 
with other relatively inert aggregates. The 
chemical test result would indicate the need 
for more careful evaluation of such materials. 


(For conclusions, see pages 177 and 179.) 
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TT HAS now been 15 years since the home- 
interview method of making origin and 


{0 of these. During 1958, surveys were begun 
n the following areas: Vallejo, Calif., Cham- 


}odlis-St. Paul, Minn., Charlotte, N.C., Pitts- 
| ourgh and Reading, Pa., and El Paso, Tex. 
The Minneapolis-St. Paul, Charlotte, and 
Reading surveys were repeat studies. In ad- 
ition, repeat studies were being organized 
for Denver, Philadelphia-Camden, and Nash- 
| ville, and were under consideration for At- 
lanta, New Orleans, Tucson, and Honolulu. 

The field methods and the information ob- 
tained have been changed very little since 
) the earliest surveys. A few items have been 
/ added or altered, however, to aid in the study 
‘of trip projection. Present emphasis is on 
the improvement of analysis methods. It was 
recognized in the beginning that the most 
| dificult problem was to find a satisfactory 
} method of forecasting travel. It was thought 
that fundamental relations could be estab- 
| lished which would permit the determination 
of the future travel pattern from projections 
of land use, population, and economic fac- 
tors. For this reason information was ob- 
tained in the interview on such items as size 
of family, number of cars owned, occupation 
and industry, mode of travel, and purpose of 
trip. 


Development of Land-Use Data 


One important addition that has been made 
in the present practice is the determination of 
land use or the character of establishment, at 
the beginning and the end of each trip. This 
is done in considerable detail; for example, a 
shopping trip made to a food store is differ- 
entiated from one made to a clothing store, 
and a social trip made to a residence is re- 
corded differently from a recreational trip 
made toa theater. Such detail requires about 
‘60 land-use classifications. This detailed 





1This paper was presented by Mr. Lynch before 
the Committee on Origin and Destination Surveys 
at the 88th Annual Meeting of the Highway Re- 
search Board, Washington, D.C., January 1959. 
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classification of land use at trip-ends was 
made first in the Chicago study, which is 
nearing completion, and is being made in 
most of the surveys that have been started 
during the past year. 

The purpose of the detailed land-use infor- 
mation is twofold: First, the number of trips 
attracted to each class of development or es- 
tablishment can be determined and related to 
some measurable factor such as population, 
automobile ownership, employment, dollar 
sales, or area; secondly, the effect of distance 
or travel time on trip attraction for each class 
can be studied. These are the important 
factors which enter into any interarea travel 
formula such as the so-called “gravity model.” 

Of course, it will not be practicable to fore- 
east land use in any such detail. However, 
analysis of the data will aid in evaluating 
the variability of the trip attraction and dis- 
tance factors for different land uses, in test- 
ing the form and possible accuracy of an in- 
terarea travel formula, in improving the zon- 
ing by grouping land uses of similar trip 
attraction characteristics to the extent prac- 
ticable, and in estimating the factors for 
zones on the basis of approximate anticipated 
distribution of land uses within the zone. 

Throughout the past 10 years, much re- 
search has been conducted on trip production 
and trip attraction in relation to land use. 
The results of many such studies have been 
published by the Bureau of Public Roads and 
the Highway Research Board (1-8).? Diffi- 
culties have been encountered because of 
mixed land uses within zones and lack of pre- 
cise knowledge as to the character of the 
establishment at the ends of each trip. Prog- 
ress has been slow because of the mass of 
detailed data to be analyzed and the shortage 
of personnel. However, some fairly reliable 
factors have been developed for trip produc- 
tion by purpose for residential zones, and for 
the effect of distance on shopping trips. What 
remains to be done is to test and evaluate 
various interarea travel formulas that have 
been proposed and to develop, if possible, 
statistically reliable factors for use in these 
formulas. Because of the availability of elec- 
tronic computers, considerable progress is 
being made in this direction. 


2Italic numbers in parentheses refer to the list 
of references on p. 186. 


Home-Interview Traffic Surveys and 
elated Research Activities 


Reported! by JOHN T. LYNCH, Chief, 
Planning Research Branch 


Interarea Travel Formula 


The interarea travel formula for primary 
trips which is being evaluated at this time is, 
in general form, as follows: 


Ty (PigitPeici)# 

ZA LA Dyn 
Where: 

T.;=The number of primary trips between 
zones i and j, that is, with one end 
at home. 

P; and P;=The number of primary trips 
produced in zones i and j by resi- 
dents of those zones. 

A; and Aj=The number of primary trips 
attracted to zones i and j by nonresi- 
dents plus intrazone trips by resi- 
dents of those zones. 

2A=The number of primary trips attracted 
to all zones. 

Di;=The distance between zones i and j, 
generally expressed in terms of travel 
time. 

K=A constant and » an exponent, both to 
be determined empirically from the 
analysis. 

After K and n have been calculated, the 
application of the formula will probably re- 
sult in a different number of trips attracted 
to, and trips produced in each of the zones 
than was originally estimated from the land- 
use data. A series of successive approxima- 
tions or some other method will then have to 
be used to make the number of trips in and 
out of each zone, calculated from the formula, 
agree With the original estimates of trip-ends. 

This formula and a similar one for sec- 
ondary, or non-home-based trips, are being 
evaluated by the Bureau of Public Roads with 
the aid of an electronic computer, using data 
from the Washington metropolitan area 1948 
and 1955 O and D surveys. For trips pro- 
duced and trips attracted (the P and A fac- 
tors), actual survey values are used; the 
test is to determine whether a formula of this 
general form will produce reliable results, 
and if so, what values of K and mn are ap- 
plicable to different situations. 





The test is being made by trip purpose, as 
it is expected that the value of the time ex- 
ponent n will vary for different purposes. It 
is thought, for example, that travel time will 
be more of a deterrent for shopping trips than 
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for work trips. Also, it is expected that 7 
will be smaller for trips to the central busi- 
ness district than for other trips. 

In this test, the travel times reported in 
the interviews are being used. This part of 
the program has been completed and some 
preliminary runs have been made. The travel 
times appear to be reasonably consistent; the 
relation between peak hour and offpeak hour 
times, for example, are about as would be 
expected. It is necessary, however, to smooth 
out the reported times because of the small 
number of reported trips between some pairs 
of zones, and also because of the tendency 
to report times in even 5- or 10-minute inter- 
yals. This is being done through a study of 
time-distance relationships for pairs of zones 
similarly situated. 

Data from the 1955 survey are being ana- 
lyzed first. Subsequently, it is planned to use 
the data from the 1948 survey to see whether 
the values of K and n change over a period 
of time. 

A similar test of this formula is being made 
by the Ohio Department of Highways, using 
data from the Dayton and Toledo surveys. 
These were controlled posteard surveys, and 
neither trip purpose nor travel time was ob- 
tained. It will be necessary, therefore, to 
confine the analysis to the total number of 
trips for all purposes, and to determine travel 
time from time runs. The survey will have 
special value, however, in permitting a com- 
parison of the results for the two cities. as 
well as with those for Washington, D.C. 

A program is being developed by the Bureau 
of Public Roads for testing the application of 
an interarea travel formula to travel between 
cities or counties. The States have supplied 
a large amount of data for this program from 
external surveys around urban areas through- 
out the country. Factors currently being con- 
sidered are population, median income, auto- 
mobile registrations, and persons employed 
in eating and drinking establishments and in 
hotels and other places of lodging. The last 
named factor is thought to be of special im- 


portance in connection with recreational 
travel. Trip production by residents and 


trip attraction for nonresidents will be con- 
sidered separately as in the case of the 
formula that has been described. An adjust- 
ment of airline distance to highway distance 
will probably be used instead of travel time. 


Electronic Computer Programing 


Last year, Brokke and Mertz reported on 
a test of the Fratar, average-factor, and De- 
troit growth formulas for projecting the 
future urban traffic pattern from the present 
one (9). They found that the three formulas 
gave results of equal accuracy, but that the 
Fratar method required fewer iterations than 
the others. The standard errors for zone-to- 
zone movements were naturally high because 
of the very small number of trips between 
many pairs of zones. Zones were grouped, 
therefore, to give substantial trip volumes 
between each of the groups. When this was 
done, the standard errors were not unreason- 
ably high. Since the grouped zones are much 
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larger than would be used in practice, a differ- 
ent kind of test is thought to be necessary. 
What engineers actually wish to know is how 
accurate the results will be when a large 
number of zone-to-zone movements are ac- 
cumulated on a freeway. It is planned, 
therefore, to accumulate the trips across grid 
lines and to determine the standard errors 
for sections of the grid crossed by substantial 
volumes of trips. This project is still in the 
planning stage, but it is hoped that it can 
be carried out during 1959. 

A program to apply the Fratar formula has 
been written for a 705 IBM computer by the 
Bureau of Public Roads with the assistance 
of the National Bureau of Standards. This 
program has been used to project the future 
zonal traffic interchange from the 1955 data 
for the Washington area. 

In the Chicago area transportation study, 
a program has been developed for the IBM 
704 computer for assigning zone-to-zone traf- 
fic movements to a complete urban highway 
network, based on a minimum travel time 
concept (10). A similar program, based on 
somewhat different concepts, is being devel- 
oped for the Detroit area traffic study. 

A program to accomplish the same pur- 
pose has been written for the IBM 704 com- 
puter by the General Electric Computer Di- 
vision for the Regional Highway Planning 
Committee of the Washington metropolitan 
area, with the assistance of Bureau of Public 
Roads personnel. This program, based on a 
time ratio rather than on a minimum travel 
time concept, will be described in a subsequent 
issue of PusBLIc ROADS magazine. 


Programs similar to those mentioned 
undoubtedly can be developed for other 
computers of equivalent capacity and 


characteristics. | 


Measurement of Mass-Transit Usage 


One of the most important accomplishments 
of 1958 was the developing and testing of 
what seems to be a satisfactory formula for 
estimating proportionate mass-transit usage. 
There has been a lack of knowledge in this 
field that would permit the distribution of 
future trips between mass transit and private 
automobiles with any degree of assurance. 
The formula involves a number of factors 
and is based on data obtained in part from 
the O and D surveys, in part from the transit 
companies, and in part from planning com- 
missions. Full cooperation of such agencies 
in more than 20 cities has made the accom- 
plishment possible. 

The formula, as so far developed and tested, 
seems to predict the proportion of the trips 
made by mass transit in different cities with 
a surprising degree of accuracy. Preliminary 
tests indicate that it is also applicable to the 
prediction of mass-transit usage in different 
sections of the same city, but this will be 
further tested in 1959 as additional informa- 
tion becomes available. 

In some of the O and D studies now being 
started, provision is made to obtain informa- 
tion on availability and cost of parking, and 
on walking time between place of parking or 
transit and origin or destination. It is 




































thought that factors may be developed fro 
such information that will improve th) 
transit-usage formula. 


Future Prospects 


On the whole, the prospects for importan| 
research accomplishments during 1959 in th 
field of O and D studies seem bright. Th 
number of people engaged in such researe] 
in the Bureau of Public Roads remains smal) 
but the availability of electronic computers i 
speeding up the work. Furthermore, wit) 
greatly increased highway planning surve; 
funds, the States are showing increased will 
ingness and desire to engage in research tha 
will aid them in forecasting traffic volume) 
and patterns. In the St. Paul-Minneapoli) 
study, for example, $75,000 has been pro. 
gramed for research. In addition to thi 
interarea travel formula test that has bee 
mentioned, the Ohio Department of Highway; 1 
is planning to undertake some research on the 
diversion, generation, and growth of traffv 
following the construction of rural freeway) 
sections. Highway impact studies are under 
way in many States; in some cases the work 
is being done by State personnel and ir 
others, by university staffs. The North Caro. 
lina State Highway Commission is conducting) 
several traffic research studies, through thei 
highway planning division and _ through 
university cooperation. 

In most of the current urban O and D 
studies, continuing organizations are being’ 
set up or planned. These organizations will, 
in many cases, carry out research. In De. 
troit, for example, continuing research is being 
planned through an agreement with Wayne 
University. | 

Considering all of these factors, it is rea- 
sonable to hope that the analysis and projec- 
tion of traffic patterns will be placed on a 
sound scientific basis within a few years. 
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Pretreatment of Soils and Clays for Measurin¢ 
External Surface Area by Glycerol Retention 


BY THE DIVISION OF PHYSICAL RESEARCH 


BUREAU OF PUBLIC ROADS 


[* TWO previous reports by the authors 
(1), a method was presented for deter- 
mining the surface area of clays and soils 
from the weight of sorbed glycerol retained 
by specimens after extended heating at 110° 
©. in the presence of free glycerol vapor. For 
the particles of clay minerals such as 
kaolinite, only external surfaces are available 
for sorption ; but for expanding minerals such 
as montmorillonite, the glycerol is also re- 
tained on internal surfaces between the unit 
layers of the crystallites. 

This internally sorbed glycerol forms what 
has been called a ‘‘monointerlayer’ complex, 
that is, a monomolecular layer or film between 
two planar clay surfaces. Hach molecule of 
glycerol in such a complex covers twice as 
much clay surface as does a molecule sorbed 
on external surfaces. The factor for conver- 
sion of a given weight of the internal film to 
values of surface area is therefore twice as 
large as for an equal weight of a similar film 
on external surfaces. For the general use of 
the glycerol retention method with soils and 
clays, it is thus necessary to evaluate sepa- 
rately the glycerol retained on the two types 
of surface, unless it is known that even trace 
quantities of the expanding minerals are not 
present. 


Procedure 


The procedure employed for this purpose 
was adapted from that used by Dyal and 
Hendricks (2) in connection with the sorp- 
tion of ethylene glycol by clays. As applied 
to the sorption of glycerol, this procedure 
consisted of determining separately the gly- 
cero] retained by an untreated sample and by 
a sample of the same material previously 
heated to 600° C. 

It was assumed that the heat treatment 
would irreversibly collapse expanding mineral 
lattices so as to seal the internal surfaces 
against subsequent penetration by glycerol 
and permit sorption on only the external sur- 
faces ; and since the untreated material would 
retain glycerol on both types of surface, the 
difference in retention between the two sam- 
ples was accordingly attributed to internal 
surfaces. 

1Jtalic numbers in parentheses refer to the list 
of references on page 190. 
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Reported by EARL B. KINTER and SIDNEY 


For this procedure to result in a realistic 
measure of the surface area of a given sample, 
it is obvious that the heat treatment must 
completely and irreversibly collapse any ex- 
panding layers present, but must not, at the 
same time, appreciably alter the original ex- 
ternal surfaces of constituent particles. How- 
ever, depending on the composition of the 
sample to be studied, one or both of these 
conditions may not be fulfilled. For example, 
in the first report cited (1), the authors 
showed that with certain montmorillonites the 
600° C. heat treatment is not sufficient for 
irreversible collapse. These montmorillonites 
would, therefore, still sorb glycerol internally 
to some extent, and thus the amount at- 
tributed to external surfaces would be too 
high. On the other hand, temperatures above 
600° C. cannot be used to ensure irreversible 
collapse because evidence exists that this 
would sometimes severely reduce external 
surface areas (3). 

The heat treatment at 600° C. may also 
affect minerals other than montmorillonite. 
Nitrogen adsorption measurements (4) have 
shown that the surface area of kaolinite was 
reduced by about 20 percent on heating to 
this temperature. The present authors had 
noted that a substantial reduction in glycerol 
retention is also produced with illite, but with 
this mineral the reduction was ascribed to 
the irreversible collapse of expandable layers 
contained within the illite particles. The 
external surface of vermiculite, on the other 
hand, has been shown to increase threefold on 
heating to 600° C. (5). 

It is also to be expected that heating would 
result in pronounced increases in surface area 
with certain of the common accessory “non- 
clay” minerals of soils and clays. For ex- 
ample, Russell and Cochran (6) observed that 
the surface area of an aluminum trihydrate 
closely similar to natural gibbsite increased 
from about 10 to 425 square meters per gram 
(m.?/g.) on heating to 400° C.; and a subse- 
quent decrease to about 280 m.’/g. occurred on 
heating to 600° C. Similar increases should 
be anticipated for the crystallized hydrous 
iron oxides, goethite, and lepidocrocite, al- 
though conversely, heating an amorphous fer- 
ric oxide gel to 600° C. has been shown to 
reduce the specific surface area from about 
250 to 50 m.?/g. (7). 


DIAMOND, Highway Physical 
Research Engineers 


Many soil properties important in highway 
work, such as plasticity and volume change, 
are caused by the interaction of soil particle 
surfaces and water. Similarly, interactions 
between particle surfaces and chemical addi- 
tives are involved in soil stabilization. In 
a given soil. both types of interaction are 
largely controlled by the amount of surface 
area possessed by the soil particles. 

A convenient and accurate method for 
measuring the surface area of soil materials 
should therefore be quite useful in studying 
and evaluating soil properties for highway 
purposes. Such a method was developed by 
the Bureau of Public Roads in 1956. The 
present article reports results of more recent 
work concerning a refinement of the original 
test procedure. 


In general, then, the value of 600° C. heating 
is doubtful at best for materials of such varied 
composition as soils and clays. In the search 
for a suitable substitute, it was thought that 
a chemical pretreatment might be found by 
which the entrance of glycerol molecules into 
the interlayer spaces of expanding minerals 
could be prevented, without either interfering 
with normal adsorption on external surfaces 
or reducing or increasing the external sur- 
face area of any of the minerals present. 

Since exchangeable cations are known to 
be distributed between the unit layers of 
montmorillonite, attention was first given to 
cation exchange treatments. None was found 
suitable, however, until, as suggested by the 
of Greene-Kelly (8), the triethylam- 
monium cation (TEA) was tried. Greene- 
Kelly had reported that a montmorillonite 
saturated with TEA exhibited a consistent 
basal spacing of approximately 13.8 angstroms 
(1 A.=one hundred-millionth of a centimeter ), 
regardless of whether the sample was air- 


work 


dried, immersed in water, or immersed in 
glycerol. In trials with several other mont- 
authors confirmed 
that the 


vas not altered when speci- 


morillonites, the present 
these observations and also noted 
13.3A. spacing 
mens were dried at 110° C. or washed with 
water or acetone. 

This apparently very stable spacing indi- 
cates a distance of about 3.8A. between the 


montmorillonite which would natu- 


rally exclude glycerol 


layers, 
molecules since they 
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are about 4.5A. in diameter. Preliminary 
trials with montmorillonites indicated that 
saturation with THA definitely blocked the 
penetration of glycerol into the interlayer 
spaces, and apparently did not interfere with 
normal adsorption on external surfaces. The 
investigation of the use of TEA saturation as 
a replacement for the 600° C. heat treatment 
forms the basis of the present report. 


Conclusions 


The evidence presented indicates that when 
soils and clays are heated at 600° C. as a 
pretreatment for the collapse of montmoril- 
lonite in the determination of external surface 
area by glycerol retention, the external sur- 
face area of several other associated minerals 
is seriously affected and a complete collapse 
of montmorillonite is not necessarily obtained. 
This pretreatment accordingly may introduce 
large errors in surface area measurements, 
and is therefore unsuitable. 

On the other hand, the data show that 
pretreatment by saturation with the triethyl- 
ammonium cation effectively prevents the 
adsorption of glycerol on the internal surfaces 
of expanding clay minerals, but does not alter 
external surfaces nor otherwise interfere with 
their normal adsorption of glycerol. The tri- 
ethylammonium saturation thus permits ac- 
curate Measurements of surface area, and is 
therefore suitable for general use with soils 
and clays. 


Materials Studied 


The clays and soils used in the study are 
described in table 1. They were selected 
to provide representatives of the principal 
Silicate clay minerals, and also one of the 
common hydrous oxides. 

A normal solution of triethylammonium 
chloride, used for saturating the soils and 
clays, was prepared by neutralizing triethyl- 
amine (Hastman) with hydrochloric acid to 
pH 7.0, and diluting with distilled water. 

The retention of glycerol by the experi- 
mental materials was determined essentially 
as described previously (1). Briefly, the pro- 
cedure as used here involved preparing dupli- 


Table 1.—Effect of pretreatments on external surface area 


cate 1- to 3-gram specimens of material pass- 
ing the No. 40 sieve; drying at 110° C. in 
aluminum foil dishes and weighing to 0.2 mg. ; 
adding 10 ml. of a 2-percent aqueous solution 
of glycerol; and heating to constant weight at 
110° ©. in a mechanical convection oven con- 
taining a constant supply of glycerol vapor at 
a partial pressure just below saturation. The 


‘gain in weight represents the glycerol re- 


tained, and is expressed as a percentage of 
the 110° C. oven-dry weight. 

Three determinations of retention were 
made for each material: (1) untreated, (2) 
previously heated to 600° C. for 4 hours, and 
(3) previously saturated with THA. Satura- 
tion was accomplished by treating 10 grams of 
material with an amount of the triethylamine 
chloride solution sufficient to exceed the cation 
exchange capacity fivefold. The material and 
solution were thoroughly mixed, centrifuged, 
and the supernatant liquid decanted. This 
treatment produced strong flocculation with 
all of the materials studied, and gave very 
clear supernatant liquids with a minimum of 
centrifugation. After three such treatments, 
the material was thoroughly washed in the 
same manner with acetone, dried over a steam 
bath, and lightly pulverized. 

Apparent values of external surface were 
calculated from the glycerol retained after 
either pretreatment by multiplying the per- 
centage retained by the factor 17.65; the ap- 
parent internal surface in either case was 
computed as 35.3 times the difference between 
the percentage of glycerol retained by the 
untreated sample and the percentage retained 
by the treated sample (1). ; 

Since all calculations were made on the 
basis of the 110° C. dry weight, specimen 
weights of the 600° C. heated material were 
corrected for the loss in weight between 110° 
C. and 600° C. A similar correction of the 
TEA saturated material to the same basis 
would involve adjustment for the increase 
in weight due to the excess weight of the tri- 
ethylammonium cation over that of the cation 
it replaced. This correction was applied only 
to the montmorillonite samples, since it was 
considered negligible for the others due to 


their considerably lower cation exchange 
capacities. 


Test Results 


Data for a comparison of the effects of the _ 
two pretreatments are given in table 1, in-| ~ 
cluding experimental values of glycerol re- 
tention and the corresponding calculated 
values of external surface area. For two of 
the clays, surface area values obtained by | 
the Brunauer-Emmett-Teller (BET) method | 
using nitrogen sorption are also included. | 





In the following discussion, the experimental | 
materials are grouped according to mineral ~ 


composition. 


Montmorillonite 


The external surface area obtained for | 
Southern bentonite after 600° C. heating | 
agrees quite closely with that after THA. 
saturation. This implies that with this 
montmorillonite, neither pretreatment signifi- _ 
eantly alters the mineral surfaces or inter- 
feres with normal adsorption, and that both 
effectively prevent the entrance of glycerol — 
molecules into interlayer spaces. These im- 
plications are substantiated by 
agreement between the results for the gly- 
cerol sorption and the BET methods. 


termined by Lopez-Gonzalez and Deitz (3) 
on another specimen of the sample used in > 
the present work. | i 

With the Wyoming bentonite, on the other — 
hand, it was necessary to heat to 700° CG. 
to irreversibly collapse the lattice, and the | 
external surface area found after heating | 


to this temperature is about 5 m.2/g. lower | 


than that after THA saturation. If this is | 
a significant difference, it is probably due 
to a slight sintering effect of the heat treat- 
ment at the higher temperature. 
Kaolinite 

Table 1 includes data for two kaolins. 
With the Edgar Plastic Kaolin (H.P.K.), | 
TEA saturation resulted in a glycerol reten- | 


tion slightly lower than that of the untreated — 
material. 

















External surface area 
Glycerol retention ! 

Calculated from glycerol From 
Sample No. Material Clay mineral type Source retention after— nitrogen 
adsorp- 

tion, 

1LO- Os 600° C. TEA sat- 600° C. TEA sat- BET 
dried heated urated heating uration method 

‘ IAG Pet. ech. m.2/g. m.2/9. m.2/q. 

R-145 2225s Southern bentonite ?________ Montmorillonite____________ Panther Creek, Miss_______- 20. 7 4.55 4. 61 80. 3 81. 4 283.8 
Rhee tee AVolelags Wyoming ben- |____- GOua= £32 Pee Ee Se pe American Colloid Co_______- 19.0 32.56 2.85 3 45.2 50.3 | Leena 

onite 

Eal64s 2s Sue es = wesne keolins Pika Olimi tessa. aaa Hdvar\@lays Conese aeeee 2.49 1. 70 2. 20 30. 0 38. 8 435.6 
R165. ee Lustra kaolin’4.--221--22..|.2._ dts ee ee Southern Clay Co__.------_- 81 ae 85 12.7 15.050. hese eaes 
R-l2o5 eee HG hram AL te eee ee eee UMD (cy ee Oe eee Aileik yee ee Se eee 6.1 3.5 4.5 62 TOD Sean 
Ra170 0 24e— ee “Mountain leather’’ §_______ Pel Vo OTsks tC epee ree eee Metalline Falls, Wash____-_- 9.5 19.0 9.3 335 1655 das) ) cee ee 
S=61 see Anado) Oil) $25 -oat See eee eae AT Opn ane. meen > sees Japan! So eee he NS A ES 16.2 8.3 16. 2 146 293) Peete 
PC-1110 Grrizz) vis Oil See see ee Allophane, montmorillonite_| B horizon; Crook County, 13. 0° 4.4 7.0 78 124 ned" | PAS eee 

Oreg. 
P@-246.. 25222 Linkeniscil o_o aes Gibbsite, kaolinite, soil | B horizon; De Kalb 1.75 2.2 1.4 37 25°": OVP ae 
chlorite County, Ala. 
1 


1 Each glycerol retention percentage is an average of values from duplicate specimens. 











* Sample and nitrogen surface area value supplied through the courtesy of V. R. Deitz, tional Bureau of Standards. 


National Bureau of Standards. 


’ Sample heated to 700° O., since this temperature was required to secure irreversible lattice 


collapse. 
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5 Sample supplied through the courtesy of E. B. Henderson, U.S. National Museum, 
§ Sample supplied through the courtesy of L. D. Whittig, formerly of the U. S. Department 


of Agriculture. 


4 Sample and nitrogen surface area supplied through the courtesy of W. C. Ormsby, Na- 
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the good — 


The ii 
area indicated for the latter method was de- | 


The reduction is thought to be due ~ 
to a small quantity of montmorillonite, — 


amounting to about 1 percent. This mineral 
- could not be identified in an X-ray diffraec- 
tion examination of the whole material, but 
| was definitely detected in a very fine frac- 
tion separated by centrifugation. On the 
other hand, a further and substantial reduc- 
tion in glycerol retention is indicated for the 
600° C. heat treatment. This is thought to 
be the result of a lowering of the surface area 
by the heat treatment itself, in accordance 
_ with the previously cited experience of Gregg 
and Stephens (4). It is also noteworthy 


| that surface area values obtained from the 


glycerol retention are in good agreement with 
_ those given by the BET method for a sample 
from the same stock. 

With the Lustra kaolin, THA saturation 
did not result in a reduction in glycerol re- 
tention, which indicates that this material 
is virtually free of montmorillonite. The 
600° C. pretreatment, however, produced a 
modest decrease in retention and surface 
area, again in agreement with the findings of 
Gregg and Stephens. 


Illite 


Saturation of Fithian illite with THA re- 
duced glycerol retention from 6.1 to 4.5 per- 
cent, which is interpreted as due to a col- 
lapse of expandable layers equivalent to a 
content of about 7 percent of interlayered 
montmorillonite. The indicated value of ex- 
ternal surface area, 79 m.’/g., is in good agree- 
ment with values quoted by Brooks (9). 

On the other hand, when the 600° C. heat 
treatment was used, retention was 3.5 per- 
cent, which corresponds to an external sur- 
face of 62 m.*/g. This effect closely parallels 
the findings of Orchiston (10), who noted a 
reduction from 78 to 57 m.’/g. on heating 
Fithian illite to this same temperature. 


Palygorskite 


The sample of “mountain leather” consists 
chiefly of palygorskite, along with a small 
content of quartz. No montmorillonite could 
be identified by X-ray diffraction, in contrast 
to the more familiar ‘‘Georgia attapulgite” 
which the authors have found to contain a 
considerable amount. The absence of mont- 
morillonite from the present sample is further 
attested to by the fact that there is essenti- 
ally no difference between the glycerol reten- 
tion values of the untreated and the THA 
saturated material. 

In contrast to the negligible effect of the 
THA saturation, the glycerol retention after 
600° C. heating was more than double that 
of the untreated material. This indicates 
that the heat treatment produces a large 
amount of new surface area. This apparently 
contradicts the results obtained by McCarter 
et al. (1/1) with nitrogen adsorption meas- 
urements, which indicated no change in the 
surface area of the attapulgite form of this 
mineral on heating to this temperature. 
However, the results for the two adsorbates 
can be reconciled if the difference in molecu- 
lar size is taken into account. These authors 
state that the dimensions of the structural 
channels which run parallel to the long axis 
of the fibrous particles are such that the 


- PUBLIC ROADS ® Vol. 30, No. 8 





inner surfaces are already accessible to the 
nitrogen molecules in the unheated material. 
Therefore, the heating could not expose any 
additional surface of this type to nitrogen 
adsorption. 

On the other hand, it is thought that glyc- 
erol molecules are too large to enter the 
channels of the palygorskite before it is 


heated, but the large increase in retention . 


after heating suggests that they can then 
do so. 

It is of interest to note that the external 
surface area, calculated from the glycerol 
retention of the THA saturated palygorskite, 
corresponds approximately to what would be 
expected from the dimensions of the indi- 
vidual fibers of attapulgite reported in the 
literature. The value of 165 m.?/g. given in 
table 1 corresponds to an average fiber diam- 
eter of about 200 A.; examination of at- 
tapulgite in the electron microscope (12) 
has indicated that the fibers are about 50 to 
100 A. thick and about 100 to 300 A. wide. 


Allophane 


An Ando soil from Japan was selected for 
studying the surface area of allophane. This 
soil was shown by X-ray diffraction to con- 
sist of noncrystalline material, except for a 
small content of quartz and feldspar. Its 
differential thermal analysis curve was identi- 
cal to that of ‘‘allophane A” as described by 
Fieldes (13). The glycerol retention of the 
untreated material is almost as high as that 
of montmorillonites. Neverthless, the fact 
that the retention is unchanged by THA satu- 


ration is considered as further evidence that ° 


montmorillonite is not present, and that all 
of the surface area is external. 

In direct contrast, the 600° C. pretreat- 
ment resulted in a reduction of retention to 
approximately half that of untreated or THA 
saturated specimens. This drastic effect is 
thought to be due to sintering, but regardless 
of its cause, it clearly indicates that for soils 
and clays containing allophane, pretreatment 
at 600° C. would lead to very large errors 
in surface area. 


Allophane-montmorillonite 


The Grizzly soil was selected for study be- 
cause X-ray diffraction indicated that it con- 
tains a large amount of amorphous material, 
along with an appreciable admixture of mont- 
morillonite. Since this soil is the weathering 


product of materials of voleanic origin, the 
amorphous constituent is assumed to be allo- 
phane. Differential thermal analysis sup- 
ported this interpretation and gave no indica- 
tion of the presence of free hydrous oxides of 
iron or aluminum. 

The glycerol retention data given in table 
1 are what would be expected for a material 
containing montmorillonite and allophane. 
The retention value of the untreated material 
is reduced from 13.0 to 7.0 percent by the effect 
of the TEA saturation on montmorillonite; 
however, with heat treatment alone a reten- 
tion of 4.4 percent was obtained, which indi- 
cates some destruction of the surface area of 
the allophane constituent as a result of the 
heating. Accordingly, in estimating the ex- 
ternal surface area of this soil, an apparently 
very low value of 78 m.*/g. is obtained after 
the heat treatment, whereas a more realistic 
value of 124 m.’/g. is given by TEA 
saturation. 

The difference in retention of the untreated 
and the THA saturated soil indicates a mont- 
morillonite content of about 25 percent. This 
is substantially in accordance with the X-ray 
diffraction evidence. 


Hydrous oxides in soils 


The clay fraction of Linker soil, which was 
included to represent materials containing 
hydrous oxides, was shown by X-ray diffrac- 
tion and different thermal analysis to consist 
largely of gibbsite, along with kaolinite and 
a soil chlorite as accessory minerals. A small 
reduction in the glycerol retention is noted 
for THA saturation. If this is interpreted as 
due to internal surface, it corresponds to a 
little over 1 percent of expandable layers, pre- 
sumably contained as mixed-layers in the soil 
chlorite. 

In contrast to most of the other materials 
studied, the Linker soil was found to increase 
in retention as a result of the 600° C. treat- 
ment. This can be attributed to an increase 
in surface area from the decomposition of the 
gibbsite, in accordance with the previously 
cited work of Russell and Cochran (6). 

An analagous effect was noted for a rela- 
tively pure mineralogical sample of lepidocro- 
cite, which showed an increase in retention 
from 0.3 percent for the untreated material 
to 3.0 percent for specimens previously heated 
to 450° C. A sufficient quantity of the lepido- 
crocite was not available for a thorough study, 


Table 2.—Effect of pretreatments on internal and total surface areas calculated from 
glycerol retention 


Sample No. Material 


Clay mineral type 


Internal — surface 
area, calculated 
from retention 
after— 


Total surface area, 
calculated from 
retention after— 





600° C. 
heating 


TEA sat- 
uration 


600° C. 
heating 


TEA Sat- 
uration 





Southern bentonite 
Wyoming bentonite 
Edgar plastic kaolin 
Lustra kaolin 
Fithian illite 
“Mountain leather’ 
Ando soil 

Grizzly soil 


Linker soil Gibbsite, 








2 
Allophane, montmorillonite _ 212 


kaolinite, soil 0 12.3 
chlorite 





m.?/g. 2/9. m.2/g. 
568 649 
570 

10. 2 
0 
56 
0 
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but the data for both of these materials indi- 
cate that the 600° C. heat treatment is clearly 
unsuitable for soils and clays containing 
the crystalline hydrous oxides of iron or 
aluminum. 


Effect of Pretreatment on Estimation 
of Internal and Total Surface Areas 


In addition to the effects of the 600° C. 
heat treatment on external surface areas, 
there are corresponding errors in the ecalcu- 
lations of internal and total surface areas. 
Values of internal and total surface areas for 
both the 600° C. heating and the THA satu- 
ration treatments were calculated from the 
data in table 1, and are presented in table 2. 
Internal surface areas were calculated by the 
method given earlier, and the total area is, 
of course, the sum of the internal and ex- 
ternal areas. 

From the data given in table 2, it is seen 
that for those samples having internal sur- 
face, the internal surface areas for the 600° 
C. treatment vary quite widely from those for 
THA saturation, except for the montmorillo- 
nite samples. In estimating the total surface 
area, on the other hand, the method of e¢al- 
culation itself provides a compensating mech- 
anism, so that differences for the two pre- 
treatments are not large, except for the 
materials containing palygorskite or allo- 
phane. 
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The performance of continuous-reinforced 
conerete bridges has been rather unsatisfac- 
tory because of the objectionable cracks and 
sags that develop in the spans following con- 
struction. This difficulty can be alleviated, 
however, by modifying the designs to com- 
pensate for the effect of the drying shrinkage 
of concrete. Creep and plastic flow of the 
concrete are also recognized as minor con- 
tributing factors to the problem of cracking 
and sagging. 

Designing for shrinkage moments usually 
adds less than 1 percent to the cost of a struc- 
ture. Heavier and longer lengths of negative 
moment reinforcing steel are required be- 


cause of the increase in negative moments and 


because the points of inflection move farther 
out in the spans as a result of the increase 
in negative moments produced by the effect 
of drying shrinkage of the concrete. For 
some designs the concrete on the compres- 
sion side of the girders will be overstressed 
in the vicinity of the interior piers. A slight 
change in the geometry of the girders usually 
reduces these stresses sufficiently and adds 
only a very small volume of concrete to the 
design. Im box girders this can be accom- 
plished by thickening the compression flange 
of each girder for a short distance at each 
interior pier. 


ONTINUOUS-REINFORCED concrete 
bridge spans when designed by the elastic 
theory with the reinforcing steel stressed to 
20,000 p.s.i. and the concrete stressed to 1,200 
p.s.i. by combined dead load, live load, and 
impact moments, as permitted by the Ameri- 
ean Association of State Highway Officials’ 
Standard Specifications for Highway Bridges, 
usually continue to deflect under dead load 
for several months after completion. This 
nonelastic deflection is accompanied by severe 
eracking of the floor slabs in the negative 
moment lengths of the girders. Some spans 
may sag sufficiently to impair the riding qual- 
ity of the roadway surface and mar the 
appearance of the structure. Careful obsery- 
ance of continuous-reinforced concrete deck 
girder, I-girder, and box girder spans has 
shown that these defects may appear as early 
as 3 months after completion of the work. 
Some spans develop objectionable sag before 
highway live loads are placed on the structure. 
Studies made to determine the cause of this 
behavior revealed that reinforced concrete 
simple spans continue to deflect for about 4 
years after construction. The final deflection 
may become as much as four times the elastic 
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onelastic Deformations in 
Continuous Concrete Structures 


deflection under dead load at the time of 
centering removal. In long-span continuous- 
reinforced concrete deck girders, I-girders, 
and box girders designed for maximum allow- 
able unit stresses under dead load, live load, 
and impact moments, the nonelastic deflection 
is accompanied by numerous cracks across the 
floor slabs in the negative moment areas of 
the girders. In the three-span continuous 
layouts with end spans less than 75 feet, most 
of the sag occurs in the middle span. In the 
longer spans appreciable sag occurs in all 
members. Some examples of cracking and 
sagging found in existing three-span bridge 
systems follow. 


Measurements of Sags and Cracks in 
Completed Structures 


A continuous box girder with 100-120-100- 
foot spans sagged 2 inches in the center span 
and 2446 inches in the end spans after the 
bridge was opened to traffic. A 75-100-75- 
foot span continuous I-girder had %- and %¢- 
inch sags in the end spans and % inch in the 
eenter span below theoretical finished grade, 
21% years after completion. These spans had 
approximately ‘44-inch camber when com- 
pleted. A 50-70-50-foot span continuous- 
reinforced concrete deck girder was about 8 
months old before any live loads were placed 
on it. These spans cracked, and the middle 
span sagged 144 inch under dead load when 
only 5 to 6 months old. Two identical con- 
tinuous box girders with 75-100-75-foot spans 
were built to maximum camber ordinates of 1 
inch in the end spans and 1% inches in the 
middle span. Approximately 44-inch camber 
remained when the structures were completed. 
Levels taken when the spans were 3 years old 
indicated %- and 14-inch sags in the end spans 
and a %4-inch sag in the middle span, meas- 
ured below theoretical finished grade. 

One of the latter two bridges had typical 
cracks and sags. The cracks over the center 
of the interior piers and for about 5 feet 
on either side were on approximately 12-inch 
centers, their spacing increasing to about 
2-foot centers, 20 feet on either side of the 
piers. A tool was made for use with a 
micrometer to measure the width of the 
eracks. The width of those on 12-inch centers 
varied very little. The cracks directly over 
the center of piers measured 0.0312 inch. 
The maximum elastic elongation of reinforc- 
ing steel in a 12-inch length equals (32,000 
12) /30,000,000=0.0128 inch. Assuming 
shrinkage of 0.0006 inch per inch in the con- 
crete—neglecting the probability that the 
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concrete carries some tension and disregard- 
ing the effect of creep which tends to nullify 
the shortening effect of shrinkage—the con- 
erete will shorten 0.0006*12=0.0072 inch 
in 12 inches. Then the maximum width of 
the cracks for these extreme and very im- 
probable conditions should be 0.0200 inch. 

In view of tension in the concrete and the 
creep effect, the concrete fiber shortening 
factor is probably less than 0.0003 inch over 
the center of piers. Then the maximum width 
of the cracks in concrete with reinforcing 
steel stressed to the elastic limit should not 
exceed 0.0164 inch. Under the theoretical 
dead load stress in reinforcing steel of about 
12,000 p.s.i., the width of the cracks should 
not exceed 0.0088 inch. Therefore, the cracks 
over the center of piers measuring 0.0312 inch 
were nearly four times larger than they 
should have been under the theoretical exist- 
ing stress (0.0312—0.0088=0.0224 inch). The 
widths of the cracks indicated that the nega- 
tive moment reinforcing steel had stressed 
beyond the elastic limit. 

One continuous-reinforced concrete deck 
girder bridge with 60-70-60-foot spans was 
found which had no perceptible sag in any 
span and there were no cracks in the floor 
slabs. This bridge had been in place for 
about 4 years. The spans were carefully 
analyzed and it was found that the theoreti- 
cal stresses in the reinforcing steel and the 
concrete were very low in the parts of the 
girders subject to negative moment. 

The data developed from these investiga- 
tions indicated clearly that the dead load 
negative moments were increasing with time 
and that the rate of increase paralleled known 
rates of increase in drying shrinkage of aging 
concrete. It was concluded that the in- 
crease in dead load negative moments was 
produced by a gradual change in the physical 
shape of the continuous system, primarily 
through the effect of drying shrinkage in the 
concrete. It was recognized that creep and 
plastic flow could be minor contributing fac- 
tors. The study indicated that perceptible 
sag developed in spans only when the nega- 
tive moment reinforcing steel was stressed 
beyond the elastic limit or when the concrete 
was stressed into the plastic flow range. 


Modification of Bridge Design 


A method of determining the probable 
mechanical effect of drying shrinkage of con- 
crete in continuous concrete bridge spans was 
developed by the author in 1955. The new 
theory is explained in subsequent sections of 
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this article. The studies leading to the de- 
velopment of the theory were begun in 1952 
after engineers of the Alabama State High- 
way Department and the Bureau of Public 
Roads became concerned with the safety of 
the 100-120-100-foot continuous box girder 
spans mentioned earlier and other continuous 
concrete spans. The State Bridge Engineer 
was considering abandoning this type of de- 
sign on future State and Federal-aid bridge 
projects unless a solution to this problem 
could be found. 

After observing sags and cracks in the spans 
of two structures—an 80-100-80-foot span con- 
tinuous concrete I-girder and a 50-70-50-foot 
span reinforced concrete deck girder—the de- 
signs were modified by the State highway 
department to agree with the theory of in- 
creased dead load negative moments due to 
drying shrinkage in the concrete. Two I- 
girder type bridges of the modified design 
were completed on Federal-aid projects early 
in 1956. The girders, in the negative moment 
lengths, were designed for combined dead 
load, live load, impact, and shrinkage mo- 
ments using a shrinkage factor of 0.0006. 
Levels taken periodically at one of the 
bridges disclose no measurable increase in 
dead load deflections since removal of the 
falsework, nor have cracks been observed in 
the negative moment lengths of either set of 
spans. Another bridge of the deck girder type, 
Similar to the one that had cracked and 
sagged under dead load, has been built using 
the modified design. After being in use 3 
years, no cracks or sags had developed. 

Twelve existing designs have been modified 
and fifty new three- and four-span reinforced 
concrete deck girder and I-girder standard 
designs have been prepared by the State high- 
way department for use on Interstate System 
grade separation structures and other State 
and Federal-aid bridge projects. Several con- 
tinuous box girder designs for use on Inter- 
state System grade separation structures have 
been prepared by a consultant. All girders, 
in the negative moment lengths, were designed 
for combined dead load, live load, impact, and 
shrinkage moments using a factor of 0.0006. 
Unit stresses for the combined moments do not 
exceed the allowable unit stresses permitted 
by the AASHO specifications. Twelve Inter- 
state System grade separation structures and 
several bridges over streams, constructed ac- 
cording to the modified designs, have been 
completed for several months; none of the 
spans have shown a tendency to crack or sag. 

Designing for shrinkage moments adds very 
little to the cost of a structure, usually less 
than 1 percent. The quantity of negative mo- 
ment reinforcing steel is increased some due 
to the additional requirements caused by the 
increase in negative moments and to the ad- 
ditional lengths needed because the points of 
inflection move further out in the spans. In 
some designs the concrete in the compression 
flange will be overstressed over a short length 
of the girders in the immediate vicinity of the 
interior pier supports. Modifying the 
geometry of the girders throughout these 
lengths to reduce the concrete stresses usually 
requires a very small amount of additional 
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Figure 1.—Relation of rotations of a concrete beam at the end supports to deflections a 
the center of the span. 


concrete. An extra short compression rein- 
forcing bar or two will reduce the concrete 
stresses sufficiently in some designs. 


Development of Theory 


Nonelastic deflection of a concrete beam is 
produced by nonelastic fiber deformations 
within the beam just as elastic deflection is 
produced by elastic fiber deformations. Non- 
elastic fiber deformations in concrete may be 
produced by three separate actions: shrinkage 
due to the conerete setting and drying, creep 
due to dead load stresses, and plastic flow 
in areas of very high stresses (/).* The 
shrinkage effect is much greater initially than 
the effects of creep and plastic flow. The dry- 
ing of concrete is more complete in thin sec- 
tions; therefore, more shrinkage occurs in a 
thin section such as a floor slab than in the 
thicker sections of a beam. The shrinkage 
effect on the deflection of a span probably 
starts when the concrete is only a few hours 
old or near the time it enters the final set 
period. 


Shrinkage, creep, and plastic flow 


Shrinkage in thin sections of concrete de- 
velops at a fairly rapid rate for the first few 
months and continues at a decreasing rate 
for an indefinite period. Most of the shrink- 
age develops in the first 8 or 9 months. 

Creep, when separated from shrinkage, is 
a delayed deformation similar to elastic de- 
formation and is produced by the same 
stresses causing elastic deformation. It is 
a continuing action over an indefinite period. 
At working stresses, creep is proportional to 
stress. The effect of creep may be taken into 
account by reducing the value of the modulus 
of elasticity of the concrete. The stress in 
the reinforcing steel is increased through an 
increase in the value of n, the ratio of the 
modulus of elasticity of the steel to the 
modulus of elasticity of the concrete. 

Plastic flow in concrete is that deformation 
which occurs at very high stress (above 70 
percent of ultimate), the concrete acting asa 
viscous solid. Plastic flow deformations are 
not proportional to stress. If plastic flow 
occurs in continuous concrete spans, it will 
probably be at points of high concrete stress 
produced by the combined dead load, live load, 
impact, and shrinkage negative moments. 
Plastic flow at these points will produce a 
loss in continuity in the spans, which in turn 
causes the dead load deflections to increase. 

In thin concrete members, such as floor 
slabs, the shrinkage factor due to the con- 
crete setting and drying may be as high as 


1Ttalic numbers in parentheses refer to the list 
of references on p. 196. 


0.0006 (725 3). 
top flange portions of a beam there is littl} 
or no opposition to concrete shrinkage 


Shrinkage in this flange will temporarily re “ 
lieve the concrete of carrying a portion of it! | 


compression load, causing the reinforcin, 
steel to take more compression until it i) 
stressed beyond its elastic limit; the steel i 


then deformed and the concrete again act) 


to carry its proportion of the compressiol 
load. Thus, the shortening of the top flang! 
lengths is equal to the shrinkage in the con 
crete. The bottom flange of a beam is heavily 
reinforced in the positive moment areas 
Shrinkage will increase the tension stresses) 


in the concrete and tend to cause cracking|— 


Creep will tend to nullify shrinkage in the 
bottom flange. Shrinkage will have little 
or no effect on the deformations within the 
reinforcing steel or the length of a giver 
portion of the bottom flange of the beam. 


Rotation of beams at end supports 


A simple span beam cannot deflect from any 


cause without producing rotation at the sup 


ports. The amount of rotation at the sup 
ports, as well as the deflection at any point) 
along the span, is the summation of the effect 
on rotation or deflection of each of the indi-| 
vidual changes in fiber lengths, regardless of 
what produces these changes. Since shrink- 
age may be assumed to occur uniformly along. 
the positive moment lengths of a beam, the 
shape of the final deflection curve will be 
more nearly circular than parabolic as in 
elastic deflection (4). Therefore, the ratios 
of the final rotations 64 and 62 (fig. 1) at the 
beam ends to the elastic ratios 6. and @», re- 


spectively, will be greater than the ratio of the) 
final deflection, A, to the elastic deflection, 5, 
If A equals 46, 


at the center of the span. 
64>462 and 62 >46>. 
In the simple span the rotations, @4 and 


62, have no effect on the stresses within the. 
beam. However, in the indeterminate struc: | 
ture (fixed-end spans and continuous spans), 
the effect of this additional rotation on the 


stresses of the beam may be tremendous. The 
bending moment pattern is governed by the 
end rotations of the spans, considered as 
simple spans. In the conjugate beam method 
of stress analysis, the fixed-end moments of 
a beam can be determined directly from the 
end rotations. In the fixed-end moment 
formula M*4:,=6aKa—Oxa0vKn, it can be seen 
that increasing the end rotations will in- 
erease the fixed-end moments proportionally. 
Ka and K», the Cross stiffness factors, and 
Cea, the Cross carryover factor, are fixed by 
the moment-of-inertia pattern of the beam 
which does not change. 
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'_ In the continuous span, the fixed-end 
moment distribution factors are determined 
from the Cross carryover and stiffness fac- 
tors of the beam. These factors are not af- 
fected by fiber deformation. Therefore, the 
negative moments of a continuous span are 
in proportion to the fixed-end moments, and 
nonelastic deformations from shrinkage in the 
positive moment lengths of a beam will in- 
erease the negative moments. When com- 
bined dead load, live load, impact, and shrink- 
‘age moments are sufficient to stress the nega- 
tive moment reinforcing steel beyond the 
' elastic limit, the reinforcing steel will un- 
-dergo nonelastic elongation and the concrete 
' will crack. 


_ Nonelastic elongation of steel 


A very slight nonelastic elongation of the 
| reinforcing steel has two immediate effects. 
wy It causes a portion of the continuity of the 
,, spans to be lost which increases the end re- 
1, actions and, at the same time, causes a shift- 
) ing of the neutral axis of the beam away from 
the reinforcing steel, thus increasing the ef- 
«y fective depth, jd, and reducing the stress in 
jp the reinforcing steel. Restoration of a por- 
_ tion of the reactions lost through the initial 
i effect of shrinkage reduces the moments pro- 
duced by shrinkage. The stress in the con- 
erete over the interior piers is increased by 
the increase in negative moments through the 
effect of shrinkage. The shifting of the neu- 
tral axis of the beam produced by yielding 
of the reinforcing steel further increases the 
concrete stress. Plastic flow which may occur 
from the high stresses now existing in the 
i) Concrete over the interior piers will cause 
«| a further loss of continuity and an increase 
in the end reactions. 

In some spans the ‘loss of end reaction 
through the initial effect of shrinkage may 
be more than completely restored. The spans 
will then act partially as simple spans. These 
actions may temporarily stabilize under dead 
load with the reinforcing steel stresses at the 
elastic limit of the steel. Then as live loads 
come onto the spans, the negative moments 
produced by the live loads will cause yielding 
in the steel. Since yielding in the reinforc- 
ing steel has the immediate effect of reduc- 
ing the stress producing the yield, it can be 
seen that the nonelastic elongation of the 
steel will be small. The modulus of elasticity 
of the steel probably increases as the steel 
yields, thus further limiting the size of the 
cracks in the concrete. 

This chain action started by shrinkage in 
the concrete will stabilize at some point de- 
pending on the design. In designs with suf- 
ficient negative moment reinforcing steel to 
hold the steel stress below the elastic limit 
and the concrete stress below the plastic limit, 
the action ends with the shrinkage in the 
concrete and with only a small change in 
deflections through the actions of creep and 
shrinkage. In most bridge spans designed to 
maximum allowable stresses by the elastic 
theory of stress analysis, cracking of the slabs 
in the negative moment areas will first de- 
velop, thus permitting a small increase in 
deflections. These cracks may appear as early 
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as 3 months after pouring. Then plastic flow 
may occur in the concrete at points of high 
negative moments produced by shrinkage and 
through an increase in concrete stress caused 
by the shifting of the neutral axis. The loss 
of continuity through these actions increases 
the positive moments and thus increases the 
dead load deflections. 

In spans designed for dead load stresses 
only, shrinkage may increase the negative 
moments sufficiently to move the points of 
inflection beyond the cutoff points of the nega- 
tive moment reinforcing steel and cause col- 
lapse of the spans. The nonreinforced con- 
crete may crack due to its inability to carry 
the tension stress imposed. The cracking of 
the beams reduces the areas available to resist 
shear. The second action leading to collapse 
of the spans is shear failure through the 
reduced areas (5). 


Application of Theory 


The increase in negative moments from non- 
elastic deformations results from a reduction 
in the dead load end reactions (6). This 


reduction in the end reactions can be deter- 


mined by considering the beam as weightless 
and applying a shrinkage factor of e to the 
lightly reinforced top flange portions of the 
beam. Let ¢ equal the depth of the beam. 
Thus, e/c=M. Then apply M as a uniform 
load over the lightly reinforced compression 
flange lengths of a conjugate beam (7), as 
shown in figure 2(a). 


Three-span bridge system 


Defiection Y, at the ends of the spans equals 
the moment under loads M of the conjugate 
beam at Rz (fig. 2(b)) in a symmetrical sys- 
tem of spans. The curve represents the new 
physical shape of the unloaded system of 
spans after shrinkage has occurred, and Y, 
is the distance the ends of the girders would 
rise off the bearings at Ri and R, if the girders 
were weightless. The effect on dead load 
moments within the system caused by this 
change in physical shape is the same as would 
occur if piers Ri and FR, each settled an amount 
equal to Y». 

Forces P are applied at the beam ends to 
reduce deflection Y. to zero, as shown in figure 
2(c). P is the reduction in dead load end 
reaction. 








(b) 


Ci) 





Ro 
(d) 


R3 


Figure 2.—Theory illustrated for a three-span bridge system. 
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Figure 3.—Illustration of a conjugate beam loaded with positive and negative nonelastic 
weights. 


The deflection Y2, indicated in figure 2(d), 
at the ends of the spans produced by loads P 
equals the moment of the conjugate beam at 
R, under loads M, divided by HI. (H=modu- 
lus of elasticity of the concrete.) For con- 
stant moment of inertia J, 


yee Formula 1 

When the system of spans is not symmet- 
rical, 7, does not equal 7s; or the variation in 
moments of inertia is not symmetrical about 
the center of the system, shrinkage de- 
flections Y will have to be calculated at both 
R;, and Rs. These deflections are then treated 
the same as similar deflections produced by 
pier settlements. 

As an example, in an 80-100-80-foot con- 
tinuous I-girder designed for shrinkage forces, 
the depth of the beam ¢ through the lightly 
reinforced compression flange lengths was 
61.25 inches. Lengths a, 6, and e (figs. 2(a) 
and 8) were 60 feet, e=0.0006, M=e/c, 
I+685,299 in.*, and H=5,000,000 1b./sq. in. 


Y2:=90M X80—60M X 50=4,200M 


4,200 X 0.0006 X 144 


Ss 61.25 


=5.92 inches 





From formula 1: 


2P (80)? 1,728+3P (80)? 100 X1,728 
6 X 685,299 X 5,000,000 
= 23,924 pounds. 

The negative moment due to P equaled 1,914 
ft. kips. The dead load negative moment 
equaled 1,582 ft. kips; hence, the negative 
moment due to shrinkage was 121 percent of 
the dead load moment. The allowable stress 
in the negative moment reinforcing steel for 
combined dead load, live load, impact, and 
shrinkage moments was 20,000 p.s.i. 

If more accuracy is desired in making these 
calculations, the shrinkage in the compres- 
sion flange of the negative moment lengths 
and the variation in the moment of inertia of 
the beam may be considered. The following 
deflection formula which takes into account 
the variation in moment of inertia in a three- 
Span symmetrical system may be used in 
calculating the value of P. 


5.92= 








Y _ (O55 +8s52+44) Pl? 
= 


ah Formula 2 


In this formula 6x5 is the rotation at R. of 
span 1 with a one foot-pound moment at R.; 
Avon. is the rotation at Rz. of span 2 with a 
one foot-pound moment at R:; and 6» is the 


rotation at R, of span 2 with a one foot-pound 
moment at R:, with each span considered as 
being a simple span and with the HI values 
reduced in the ratio of HZ.=1. I. is the 
smallest moment of inertia in the system. 
The values within the parenthesis are ob- 
tained from their respective moment diagrams 
after the moment ordinates have been reduced 
by dividing them by the appropriate value of 
I/To. The depth of the beam over interior 
piers was 81.25 inches. The haunches were 
on parabolic curves and were 20 feet long. 
For simplicity in calculating the warpage of 
the beam due to shrinkage, the depth of the 
beam over these lengths will be considered 
as being constant. The compression flange 
was 24 inches wide and contained 10.92 square 
inches of reinforcing steel. In view of the 
thickness of the flange, its less exposed posi- 
tion, and the amount of reinforcing steel, the 
shrinkage factor e is probably about 0.0002 
(2). The negative M (M=e/c) is about 
one-fourth of the M in the positive moment 
lengths. 

The lengths a and ce, figures 2(a) and 8, 
are approximately the lengths between the 
ends of the spans and the points of dead load 
contraflexure in spans 1 and 8. The length 0 
is approximately the length between these 
points in span 2. The locations of the dead 
load points of contraflexure obtained by the 
elastic theory will move when the shrinkage 
effect is added to the elastic behavior of a 
beam. 


¥,=80MX80—60.MX50-+20% x 10= 3,450 M 


3,450 X 0.0006 K 144 
61.25 


From formula 2: 


Yo= =4.87 inches 





4.87 


__ (21.209 +27.75+15.95) P X (80)? X1,728 
ie 5,000,000 X 685,299 





P=23,246 pounds; the negative moment due 
to P is 23,246 x 801,859,680 foot pounds. 

The shrinkage factor e on the compression 
side of the negative moment lengths will be 
smaller than at the positive moment lengths 
because of the thicker concrete sections and 
less exposure to drying. These sections usu- 
ally have compression reinforcing steel which 
by the elastic theory carries low stress. 
Shrinkage in these sections will have the 
initial effect of forcing the steel to carry more 
of the compression load. Apparently the steel 
is not stressed beyond the elastic limit in the 


pi 
yal 


— 








early stages of the action. It may be stressed 
to this point if plastic flow occurs. When the 
compression reinforcing steel with the added 
stresses caused by shrinkage in the concrete 
is stressed below the elastic limit, shortening 
of the flange will result from the elastic Je! 
shortening in the reinforcing steel through) »t!! 


e will change as the bending moments pro- 
duced by dead loads and shrinkage effect. 
changes in the lengths; it will have a very 
small value at points with zero bending mo- 
ment and will approach the value of the) 
shrinkage factor of the concrete at poltits 
with high bending moments. 

The beams are usually about twice as deep. 
over the interior supports as they are in the 
positive moment lengths. A unit shortening 
of concrete fibers at these points would have 
only about half the effect of deforming the 4 
physical shape of the beam as would the same) 
shortening at the thinner sections. Shrinkage 
in these sections will reduce the value of Y2 
(fig. 2(b) ). However, with the value of nega- 
tive M (M=e/c) being only about one-fourth 
of the value of M at lengths a, 6, and ¢ in 
figure 2(a), its effect on the value of Y2 is 
small. The assumed points of inflection, 
which are the dividing points between posi- 
tive and negative nonelastic loads, used in 
making these calculations must agree with > 
the actual points of inflection of the beam_ 
under the combined effect of dead loads and “ 
shrinkage. It is usually necessary to make 
three or four trial calculations, adjusting | 
these assumed points of inflection, until this 
agreement is reached. 

In view of the difficulty at this time of 
estimating the ultimate value of the shrink- 
age factor e, which is affected by many factors 
including the cement and aggregate used, the | 
proportions of the mix (especially the amount | 
of water used in the mix), the curing of the | 
concrete, and the climate, negative M is usu-. 
ally not included in the calculations. The) 
additional cost of including the shrinkage 
effect over lengths a, b, and ec (fig. 2(a)) in 
the design is usually small, and this procedure | 
is on the side of safety. 








0S 





























Four-span bridge system 
The procedure used in calculating the re- i 


by shrinkage in a four-span symmetrical sys- 
tem is similar to that used in the three-span 
system. 

In figure 4(a), nonelastic loads M are ap- 
plied to the span system considered to be a 
conjugate beam supported at R; and R;. De- 
flections Yi and Y, (fig. 4(b)) equal the 
moments in the conjugate beam at R; and Re, 
respectively, produced by the nonelastic loads 
M shown in figure 4(a). Deflection Y3; equals 
Yi: minus Y2. Deflection Yi represents the 
amount the beam, if weightless, would rise 
off the bearings at Ri and R;. Ys: is the 
amount the beam would rise off the bearings 
at R. and Ry These deflections may be 
treated as settlements in piers Ri, Re, Ras, 
and Rs. 

Forces P, (fig. 4(c)) are applied at Ri and 
R; to reduce deflection Y; to zero. Ys equals 
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Ys minus Y, (fig. 4(d)). For constant plus B and C plus D are designed to be self- of loss to a maximum of two sections and 
moment of inertia, supporting after sections B and D area few _ reduces the vulnerable periods to a total of 
days old. This procedure reduces the hazard 18 to 20 days. Pours A plus B made in warm 


ie 
Y3=6n7 (31,12? + 21,3) Formula 3 


Deflection Y. (fig. 4(e)) is the deflection 
remaining at R; and R; after loads Pi have 
been applied. Y. equals Y: minus Y;. It is 
necessary to apply a second load P.2 at each 
end to reduce Y. to zero. The value of P2 is 
‘found by loading the conjugate beam as il- 
lustrated in figure 4(f) and equating the 
“moment at R: divided by BI to Ys. The re- (a) 
‘duction in dead load reactions at Ri and R; 

equals P:tP.,. The increase in negative 

moment at R. equals —(P:+P.)l. The in- 

crease in negative moment at Rs; equals eed 

Pith) +CscPsh. Oso is the Cross 1 

earryover factor from end B to end CO of 
span 2. 





General Considerations 


The shrinkage effect does not become ap- (b) 
preciable until after the spans are several 
_ weeks old. Therefore, to prevent overstress 
in the positive moment areas of the span 
during the early life, these areas should be 
designed for dead load, live load, and impact 
moments only. The concrete stress for com- 
bined moments including the shrinkage ef- 
fect should not exceed allowable limits. Since 
shrinkage on drying is governed mainly by 
the unit water content of the mix, the dryest Ry Ro R3 Rq Rs 
mix feasible should be used in pouring con- 
tinuous concrete spans. 

The tensile stress at the roadway surface 
will exceed the ultimate tensile strength of 
the concrete throughout most of the negative 
moment lengths. The elastic elongation of Ve! 


the negative moment reinforcing steel over Y 
these lengths will be distributed in a few 5 
large cracks in areas where the concrete is 


not reinforced. To prevent such large cracks Ra Ro R 3 R4 Rs 

from forming, a portion of the negative 

moment reinforcing steel should be distrib- (d) 

uted across the floor slabs between girders. 

The reinforcing steel should be placed in the 

upper portion of the floor slabs and as near Yo 

to the surface of the floor as the main slab 

reinforcing and the specifications will permit; 

otherwise objectionable cracks may develop 

from the normal elastic elongation of the R R R R R 

reinforcing steel. L 2 3 4 S 
Deflection curves and camber diagrams ¢al- 

culated by the theory of combined elastic and 

nonelastic deformations are affected very 

little by the additional effect of shrinkage. 

The reduction in dead load end reactions as 

a result of shrinkage produces deflections 

opposite in direction and approximately equal 

to those produced directly by shrinkage in 

the spans. 








Pouring Sequence of Concrete 





The order of concrete pouring for a three- R R R R E 
span system was designed to reduce the 1 2 3 4 a 
hazard of loss through a washout of false- (f) 


work. The construction joints are placed 

approximately at dead load points of inflec- ; 

tion. The pours are made in the alphabetical Figure 4.—Theory illustrated for a four-span bridge system, 
sequence indicated in figure 5. Sections A 
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Figure 5.—Sequence of pouring concrete for a three-span bridge system. 


weather would probably stand without dam- 
age after pour B was about 4 days old. 

This pouring sequence allows initial shrink- 
age in the concrete in sections A, B, C, and 
D to develop before the spans are connected. 
However, it is believed that shrinkage in sec- 
tions B, D, and H, which develops while the 
eoncrete is supported by the forms, either 
produces microscopic cracks in the concrete 
or places the concrete in tension. These 
microscopic cracks or tension act to change 
the physical shape of the beam when the sup- 
ports are removed and have the same effect 
on stresses as shrinkage which develops after 
the spans are completed. 
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Reports to Congress 


Three reports have been submitted to the 
Congress by Secretary of Commerce Lewis L. 
Strauss during 1959. The titles of the reports 
are the Progress Report on the Federal-Aid 
Highway Program, the Third Progress Report 
on the Highway Cost Allocation Study, and 
The Federal Role in Highway Safety. 

The Progress Report on the Federal-Aid 
Highway Program, prepared by the Bureau 
of Public Roads pursuant to the requirement 
of section 116 of the Federal-Aid Highway 
Act of 1956, describes the progress of the 
Federal-aid highway program in the 214 years 
since passage of that act. Of particular in- 
terest is information on the status of the 
National System of Interstate and Defense 
Highways, presented in tabular form and on 
two large maps printed in color. 

This report, printed as House Document 
No. 74, is for sale by the Superintendent of 
Documents, U.S. Government Printing Office, 
Washington 25, D.C., at 70 cents a copy. 

The Third Progress Report of the Highway 
Cost Allocation Study was undertaken by the 
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Bureau of Public Roads pursuant to the re- 
quirement of section 210 of the Highway 
Revenue Act of 1956. 

The purpose of the highway cost allocation 
study is to make available to the Congress 
information on the basis of which it may 
determine what taxes should be imposed by 
the United States, and in what amounts, in 
order to insure, insofar as practicable, an 
equitable distribution of the tax burden 
among various classes of persons using the 
Federal-aid highways or otherwise deriving 
benefits from them. The final report of the 
study is to be completed in January 1961. 

The 66-page third progress report presents 
in summary form the information obtained 
from extensive studies of the numbers, types, 
and fuel consumption of motor vehicles 
registered, and the types, volumes, and 
weights of motor-vehicle traffic on the several 
highway systems. Forecasts of vehicles and 
travel are included. The report also presents 
a digest of a series of studies of the economic 
impact of highway improvement. 

This report, printed as House Document No. 
91, is available from the Superintendent of 
Documents at 35 cents a copy. Also available 


from the same source is the 131-page First 
Progress Report, dated February 28, 1957, 
which presents a wealth of background mate- 


rial and a statement of the problem and plans | 


for the study (35 cents per copy). The 6-page 
Second Progress Report, dated February 28, 
1958, reported very briefly the nature of work 
underway. 

The Federal Role in Highway Safety has 
been printed as House Document No. 938 and 
is for sale by the Superintendent of Docu- 


ments at 60 cents a copy. This study, under- | 


taken by the Bureau of Public Roads pursuant 
to section 117 of the Federal-Aid Highway 
Act of 1956, was made to determine what 
actions could be taken by the Federal Govern- 
ment to promote the public welfare by in- 
creasing highway safety. 


The study evaluates the dimensions of the | 


traffic accident problem and the relation of 
the driver, vehicle, and highway in connection 
thereto. It also evaluates the current safety 
activities and presents an adequate safety 
program. The findings give support to judg- 
ments formed over the past years on many 
highway safety matters, and also exposes 


widely held misconceptions of traffic accidents, — 
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A list of the more important articles in PuBLIc 
Roaps may be obtained upon request addressed 
to Bureau of Public Roads, Washington 25, D.C 


The following publications are sold by the Superintendent of Documents, 
Government Printing Office, Washington 25, D.C. Orders should be 


sent direct to the Superintendent of Documents. Prepayment is required. 


ANNUAL REPORTS 


Work of the Public Roads Administration: 
1941, 15 cents. 1948, 20 cents. 
1942, 10 cents. 1949, 25 cents. 
Public Roads Administration Annual Reports: 
1943; 1944; 1945. 
(Free from Bureau of Public Roads) 
Annual Reports of the Bureau of Public Roads: 
1950, 25 cents. 1953 (out of print). 1956, 25 cents. 
1951, 35 cents. 1954 (out of print). 1957 (out of print). 
1952, 25 cents. 1955, 25 cents. 1958, 30 cents. 


PUBLICATIONS 


A Report of Factors for Use in Apportioning Funds for the Na- 
tional System of Interstate and Defense Highways, House Doc- 
ument No. 300 (1958). 15 cents. 

Bibliography of Highway Planning Reports (1950). 30 cents. 


| Braking Performance of Motor Vehicles (1954). Out of print. 


Consideration for Reimbursement for Certain Highways on the 
Interstate System, House Document No. 301 (1958). 15 cents. 

Construction of Private Driveways, No. 272MP (1937). 15 cents. 

Criteria for Prestressed Concrete Bridges (1954). 15 cents. 

Design Capacity Charts for Signalized Street and Highway Inter- 
sections (reprint from Pusuiic Roaps, Feb. 1951). 25 cents. 

Electrical Equipment on Movable Bridges, No. 265T (1931). 
40 cents. 

Factual Discussion of Motortruck Operation, Regulation, and 
Taxation (1951). 30 cents. 

Federal Role in Highway Safety, House Document No. 93 (1959). 
60 cents. 

Financing of Highways by Counties and Local Rural Govern- 
ments: 1931-41, 45 cents; 1942-51, 75 cents. 


_ First Progress Report of the Highway Cost Allocation Study, 


House Document No. 106 (1957). 35 cents. 

General Location of the National System of Interstate Highways, 
Including All Additional Routes at Urban Areas Designated in 
September 1955. 55 cents. 

Highway Bond Calculations (1936). 10 cents. 

Highway Capacity Manual (1950). $1.00. 


Highway Needs of the National Defense, House Document No. 
249 (1949). 50 cents. 


Highway Practice in the United States of America (1949). Out 
of print. 
Highway Statistics (annual): 
1945 (out of print). 
1946 (out of print). 
1947 (out of print). 1951, 60 cents. 
1948, 65 cents. 1952, 75 cents. 
Highway Statistics, Summary to 1955. $1.00. 
Highways in the United States, nontechnical (1954). 20 cents. 
Highways of History (1939). 25 cents. 
Identification of Rock Types (reprint from Pusiic Roaps, June 
1950). 15 cents. 
Interregional Highways, House Document No. 379 (1944). 75 
cents. 


1949, 55 cents. 
1950 (out of print). 


1953, $1.00. 
1954, 75 cents. 
1955, $1.00. 
1956, $1.00. 


PUBLICATIONS 
of the Bureau of Public Roads 





PUBLICATIONS (Continued) 


Legal Aspects of Controlling Highway Access (1945). 15 cents. 

Local Rural Road Problem (1950). 20 cents. 

Manual on Uniform Traffic Control Devices for Streets and High- 
ways (1948) (including 1954 revisions supplement). $1.25. 

Revisions to the Manual on Uniform Traffic Control Devices 
for Streets and Highways (1954). Separate, 15 cents. 

Mathematical Theory of Vibration in Suspension Bridges (1950). 
$1.25. 

Needs of the Highway Systems, 1955-84, House Document No. 
120 (1955). 15 cents. 

Opportunities in the Bureau of Public Roads for Young Engineers 
(1958). Out of print. 

Parking Guide for Cities (1956). 55 cents. 

Principles of Highway Construction as Applied to Airports, Flight 
Strips, and ‘Other Landing Areas for Aircraft (1943). Out of 
print. 

Progress and Feasibility of Toll Roads and Their Relation to the 
Federal-Aid Program, House Document No. 139 (1955). 15 
cents. 

Progress Report on the Federal-Aid Highway Program, House 
Document No. 74 (1959). 70 cents. 

Public Control of Highway Access and Roadside Development 
(1947). 35 cents. 

Public Land Acquisition for Highway Purposes (1943). 10 cents. 

Public Utility Relocation Incident to Highway Improvement, 
House Document No. 127 (1955). 25 cents. 

Results of Physical Tests of Road-Building Aggregate (1953). 
$1.00. 

Roadside Improvement, No. 191MP (1934). 10 cents. 

Selected Bibliography on Highway Finance (1951). 60 cents. 

Specifications for Aerial Surveys and Mapping by Photogram- 
metric Methods for Highways, 1958: a reference guide outline. 
75 cents. 

Standard Specifications for Construction of Roads and Bridges on 
Federal Highway Projects, FP-57 (1957). $2.00. 

Standard Plans for Highway Bridge Superstructures (1956). $1.75. 

Taxation of Motor Vehicles in 1932. 35 cents. 

Third Progress Report of the Highway Cost Allocation Study, 
House Document No. 91 (1959). 35 cents. 

Tire Wear and Tire Failures on Various Road Surfaces (1943). 
10 cents. 

Transition Curves for Highways (1940), $1.75. 


Single copies of the following publications are available to highway 
engineers and administrators for official use, and may be obtained by those 
so qualified upon request addressed to the Bureau of Public Roads. 
They are not sold by the Superintendent of Documents. 


Bibliography on Automobile Parking in the United States (1946). 
Bibliography on Highway Lighting (1937). 

Bibliography on Highway Safety (1938). 

Bibliography on Land Acquisition for Public Roads (1947). 
Bibliography on Roadside Control (1949). 

Express Highways in the United States: a Bibliography (1945). 
Indexes to Pustic Roaps, volumes 17-19 and 23. 

Title Sheets for Pusiic Roaps, volumes 24-29, 


PENALTY FOR PRIVATE USE TO AVOID 
UNITED STATES 
PAYMENT OF POSTAGE, $300 
GOVERNMENT PRINTING OFFICE (GPO) 


DIVISION OF PUBLIC DOCUMENTS 
WASHINGTON 25, D.C. 





OFFICIAL BUSINESS 


If you do not desire to continue to receive 
this publication, please CHECK HERE [_]; 
tear off this label and return it to the above 


address. Your name will then be removed 
promptly from the appropriate mailing list. 
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